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FOREWORD 


This report is submitted by Structural Composites Industries, Inc., 
and Aerojet-General Corporation in fulfillment of the contract. It covers all 
work on the program, which was conducted from July 1967 to February 1971. 

The work was done by the Structural Composites Industries, Inc., and 
Aerojet. E. E. Morris, Manager of the Filament -Wound Tankage and Structures 
Division, was the Program Manager and principal investigator. R. E. Landes 
conducted the pressure vessel design analysis and guided filament winding of 
the test vessels. Metallurgical evaluations were performed by H. E. Bleil 
with the assistance of J. Garancovsky in mechanical testing. 

Pressure-vessel fabrication was accomplished by R. J. Alfring and 
J. J. Dawson for the metal liners, and E. I. Fullmer and N. R. Dunavant 
for the glass filament -wound shell. 

Vessel testing was conducted under the direction of A. I. Taoyama. 
Analysis of test data and program results was done by E . E. Morris and R. E. 
Landes, who prepared this report. 

Guidance and many helpful suggestions were provided throughout the 
program by the NASA Project Manager, J. R. Barber of the Liquid Rocket 
Technology Branch, Lewis Research Center. 




CRYOGENIC GLASS -FILAMENT -WOUND 
TANK EVALUATION 

by E. E. Morris and R. E. Landes 


Structural Composites Industries, Inc. 
Aerojet-General Corporation 


ABSTRACT 

High-pressure glass -filament -wound fluid storage vessels with thin 
aluminum liners were designed, fabricated, and tested at ambient and cryo- 
genic temperatures which demonstrated the feasibility of producing such 
vessels as well as high performance and light weight. Significant develop- 
ments and advancements were made in solving past problems associated with the 
thin metal liners in the tanks, including liner bonding to the overwrap and 
high strain magnification at the vessel polar bosses. The vessels had very 
high burst strengths, and failed in cyclic fatigue tests by local liner frac- 
ture and leakage without structural failure of the composite tank wall. The 
weight of the tanks was only 40 to 55% of comparable 2219-T87 aluminum and 
Inconel 718 tanks. 
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• All vessels subjected to cyclic fatigue tests failed by local 
fracture in the aluminum liner. The cyclic fatigue failure 
mode always consisted of leakage > without any evidence of 
structural failure of the vessel composite wall. 

/ f 

• The maximum number of pressure cycles achieved by vessels when 
pressurized between 0 and 60%. of b.urst strength prior to liner 
fracture was 97 at the liquid hydrogen test temperature. 

Failure analysis indicated that elimination of liner strain magnifi- 
cation sites in the vessel domes should increase the cyclic life of the 
aluminum liners to 400 to 1000 cycles at the 60% load level. 

Pressure vessel performance comparisons showed that the vessels had a 
much higher demonstrated weight efficiency than metal vessels and similar 
boron and graphite filament -wound vessels . The weight of the glass filament- 
wound vessels with thin aluminum liners is only 40 to 55% of 2219-T87 alum- 
inum or Inconel 718 spherical and cylindrical vessels having the same burst 
pressure and volume. 



I. 


INTRODUCTION 


A . BACKGROUND 

Interest in filament-wound tankage for aerospace applications 
has increased because of the need for maximum weight-saving and because state- 
of-the-art advancements have demonstrated that the reliability level needed in 
specific applications can be attained with filament -wound structures. 

Since the early 1950's, when the first serious efforts were made 
with high-strength, light-weight glass -filament-wound vessels and rocket motor 
cases, significant successes have been achieved in development of a technology 
base and reliable application of these composite structures to operational 
sys terns . 


The potential of filament-wound composite tankage for cryogenic 
service has been shown in a series of NASA technology development programs . 
Such vessels with metal liners offer considerable weight savings at ambient 
and cryogenic temperatures as compared with homogeneous metal construction. 
Research has been concentrated on evaluation of constituent-material proper- 
ties, development of effective pressure vessel analytical methods and designs 
for combining a metal liner with the overwrapped filament composite, and 
evaluation testing of tanks at ambient and cryogenic temperatures. These 
programs have produced filament -wound tanks offering significant potential 
advantages : 

# Weight reductions of 20 to 60%. 

# Fail-safe characteristics - non-shatterability/ 

increased crack propagation resistance. 

# Increased packaging density with no weight 

penalty (vessel shape not restricted to spheres 
for minimum weight) . 

Impermeability, corrosion resistance, and cryogenic temperature 
capability are achieved for space applications by using a metal liner inside 
the winding. To minimize tank weight and make maximum use of the filament- 
wound composites high strength-to-density ratio, a minimum-weight liner is 
desirable . 


Composite tankage designs developed and evaluated under NASA 
sponsorship have been based on two different liner design approaches. With 
the first, filament overwindings are used to reinforce a high-strength metal 
shell which has a thickness about one-half of what a homogeneous vessel would 
need if not reinforced. Designs are established by using analyses which 
combine strength and strain characteristics of the filament and metal shells. 
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Combining the f ilament-wound composite with a metal shell provides the 
necessary sealant liner and permits the strength potential of both the fila- 
ment and metal shells to be exploited. With this approach, glass filaments 
with epoxy resins have been used exclusively for the high-strength metal shell 
reinforcement. This concept, with the load bearing metal shell, is referred 
to as a glass -filament-reinforced (GFR) vessel. In the second approach, fila- 
ment windings are used to reinforce a very thin metal liner which has the 
minimum possible thickness required for impermeability and fabrication. The 
liner carries only a small share of the structural loads. For this approach, 
glass filaments with epoxy resins have received the most emphasis, and signif- 
icant work has been conducted on boron and graphite filaments with epoxy 
resins. Liners used are low-strength ductile metals. This concept, with the 
non-load bearing liner, is referred to as a metal- lined f ilament-wound vessel. 

Early work involved glass filament reinforcing metal for rocket 
motor cases (References 1 and 2). Efforts started on cryogenic metal-lined 
glass f ilament-wound vessels at Aerojet in 1962 (References 3 to 5) . NASA- 
LeRC sponsored a program to evaluate internally insulated filament -wound LH 2 
tanks (References 6 and 7), and then conducted several in-house programs 
involving studies on problems of liners for filament -wound cryogenic tanks 
(References 8 to 10). A program was then awarded by NASA-LeRC to investigate 
design improvements in liners for glass filament -wound tanks to contain .cryo- 
genic fluids (Reference 11). Concurrent with this cryogenic tankage effort, 
two programs were conducted for the U.S. Air Force on thin metal-lined glass 
f ilament-wound vessels to contain corrosive storable propellants (References 
12 and 13). 


Because of the performance potentials demonstrated from the 
above work, and NASA-LeRC's growing interest in filament-wound cryogenic tank- 
age, three programs were initiated in 1965. One program involved development 
of resin matrix systems for glass f ilament-wound cryogenic vessels, including 
tank testing (Reference 14). The second program involved study of glass- 
filament-reinforced (GFR) metal vessels with load-bearing, non-buckling metal 
liners for cryogenic service. Three main efforts were conducted; a para- 
metric study of GFR 2219 aluminum, GFR Inconel X750, GFR 5A1-2.5 Sn titanium, 
and GFR stainless steel vessels (Reference 15) ; development of structural 
analysis techniques and computer programs for GFR metal tanks (Reference 16); 
and design, fabrication, and testing of GFR Inconel tanks at ambient to liquid 
hydrogen temperature (Reference 17). The third program (Reference 18) 
involved development of improved evaluation testing of metal-lined tanks. 
Concurrent with these activities, two other programs were conducted studying 
thin metal liners and liner bonding adhesives for cryogenic glass-filament- 
wound tanks (References 19 and 20) . 

NASA-LeRC in-house research efforts continued with a series of 
investigations by Hanson. In Reference 21, boron and graphite filaments were 
studied along with glass filaments for composites of cryogenic vessels. 
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Following this, tensile and cyclic-fatigue properties of graphite filament- 
wound pressure vessels with metal liners were evaluated at ambient and cryo- 
genic temperatures (Reference 22). Later, static and dynamic fatigue behavior 
of glass -filament -wound pressure vessels was further studied at ambient and 
cryogenic temperatures (Reference 23) . Additional efforts were conducted to 
evaluate glass filament overwrapped metallic cylindrical pressure vessels 
(Reference 24); besides demonstrating the performance potentials of glass 
filament reinforced aluminum cylinders, it was in this work that Johns and 
Kaufman established constrictive wrap buckling strengths and design criteria 
of overwrapped metal shell tank liners. Other contracts were awarded by NASA- 
LeRC to study GFR Cryoformed 301 stainless steel vessels (Reference 25) and 
GFR 5A1-2.5 Sn titanium pressure vessels (Reference 26). 

Lightest weight high pressure vessels for service at ambient to 
cryogenic temperatures are glass -filament -wound pressure vessels with very 
thin metal liners, providing a reliable liner design is employed. The magni- 
tude of performance advantage is shown in Figure 1, where the pressure-vessel 
performance factor, pV/W*, is presented for metal-lined filament -wound tanks 
and homogeneous -metal pressure vessels. The weight of the filament -wound 
vessels is only 50 to 70% of that of the titanium tanks and is considerably 
less than this when compared with stainless steel, aluminum, and Inconel 
vessels. Test results for a large number of composite overwrapped metal 
pressure vessels from the previously referenced programs have demonstrated 
that glass -filament-wound tanks have the great potential for weight savings in 
cryogenic tankage indicated by Figure 1. 

The program covered by this report was initiated to demonstrate 
the feasibility of producing closed-end, cylindrical, glass -filament- wound 
pressure vessels with very thin aluminum liners for operation in the +75 
(297 K) to -423 F (20 K) temperature range. Processes for fabricating thin 
metal liners, for providing joints in the liner having the necessary proper- 
ties, and for providing a bond between the liner and filament -wound composite 
were to be identified, demonstrated, and evaluated by fabricating and testing 
vessels at +75 (297°K) , -320 (77°K), and -423°F (20°K) . 

B. LINERS FOR GLASS -FILAMENT -WOUND VESSELS 

Although the filament -wound material is light in weight, it is 
permeable to gases and liquids under pressure. Furthermore, the filament and/ 
or resin components of the composite may be subject to chemical corrosion by 
contained fluids, such as propellants. This is overcome by using a thin liner 

*p = design pressure, psig (N/cm^); V = internal volume, in. 3 (cm3); w = 
pressure vessel weight, lbm (g) . 
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inside the filament -wound structure to prevent fluid contact or transmission 
through the composite wall. Because the performance of a pressure vessel is 
based on its total weight, operating pressure, and volume, a minimum liner 
weight is desired. The functional requirements for sealant liners of glass- 
filament -wound pressure vessels include: 

• Impermeability to gases and liquids under pressure. 

• Resistance to corrosion by contained fluids. 

£ Strain compatibility with the composite structure 
up to its failure stress. 

$ Resistance to fatigue when subjected to repetitive 
loading of the composite structure to the operating 
stress level. 

• Toleration of tankage expansion and contraction 
during temperature cycling. 

Materials such as molded elastomer, polymeric films, metal 
coatings, metal foil, and thin metal sheet have been used for liners. The 
polymeric materials have been suitable when the pressure-vessel service life 
has been short, and when some permeation through the structure has been toler- 
able. To date, the use of elastomeric liners has been restricted to temper- 
atures greater than about -65°F or 220°K because of the loss of estensibility 
that occurs as the glass transition temperature is reached. 

When a polymer liner is functionally adequate for a specific 
application, the designing of the liner and filament-wound vessel is relative- 
ly straight-forward. When stringent limitations are imposed on the leakage of 
fluids or when operational temperatures are below -65°F (220°K) , metal liners 
must be used because of the present inability of elastomers and polymers to 
provide the necessary properties. As previously described, these liners may 
be relatively thick (load-bearing) or very thin (sealant liner) . The latter 
metal liners have been as thin as 0 . 003-in. -(0.076 mm) and 0 .006-in. -(0 . 152 - 
mm) when made from stainless steel and aluminum foils. When very thin metal 
liners are used, however, the high operating strains repetitively applied to 
glass -filament-wound-composite pressure vessels during service have presented 
extremely difficult problems in keeping the liner bonded to the overwrap in 
order to sustain fatigue cycling; when liners became unbonded, they locally 
buckled, and failed by fatigue cracking in the buckles during pressure cycling. 

C. GLASS -FILAMENT -WOUND VESSELS WITH THIN METAL LINERS 

Problems encountered in using thin high-elongation, foil 
materials for the liners of glass -filament-wound vessels and strain-cycling 
the liners into the plastic regions of their stress-strain curves arise 
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because of (1) thin liner buckling on depressurization of the vessel when the 
bond between the liner and filament-wound composite fails, and (2) subsequent 
fatigue failure of the liner in the buckled area: an adhesive bond must be 

retained between the thin metal liner and filament -wound composite for maximum 
cyclic-fatigue life capability in the liner . NASA -sponsored research directed 
specifically at developing cryogenic adhesives for this purpose demonstrated 
that adhesives can be compounded for the requirements of low-temperature 
adhesion of thin metal liners to the glass -fiber composite. Using the adhe- 
sive developed under the Reference 20 program [consisting of Adiprene L-100/ 
Epi Rez 5101/MOCA (80/20/17)], thin aluminum liners were bonded to filament- 
wound cylinders in such a manner that the liners did not buckle when subjected 
to repeated high cyclic strains representative of a pressure-vessel service 
cycle. 


Concurrent with the development of the adhesive bonding system, 
other work on the Reference 14 program led to the development of a filament- 
wound composite resin matrix with higher elongation at cryogenic temperature 
than commonly used resins. This resin fEpon 828/DSA/Empol 1040/BDMA (100/ 
115.9/20/1)] improved composite performance at cryogenic temperatures. The 
Reference 17 and 18 work developed analytical methods and important design 
data at ambient to liquid hydrogen temperatures for filament -wound vessels 
with metal liners. 

Each of these developments were brought together in the program 
covered by this report to develop an optimum design for a cryogenic glass- 
filament -wound vessel and structural performance data. The vessels developed 
incorporated 

# The cryogenic resin matrix and cryogenic adhesive 
bond system described above. 

# S-HTS glass for the windings. 

# Thin aluminum liners of 0.0 10 -in. (0.254 mm) 
thickness . 

Very thin metal liners for filament -wound pressure vessels had 
been developed and used in earlier efforts. These liners were as thin as 
0’.002 -in. -(0 ,051-mm-) thick aluminum on a 7 1/2 -in. -(19 .05-cm-) diameter cylinder 
with adhesive-bonded overlap seam joints (References 20 and 21). Liners with 
welded joints were as thin as 0.003 in. (0.076 mm) and 0.006 in. (0.152 mm) 
when made into 8-in. -(20 .3-cm-) , 12 -in. -(30 .5-cm-) , and 18-in. -(45 . 7-cm-) dia . 
closed-end liner assemblies from aluminum and stainless steel (References 11, 

12, 13, 14, and 18). Joints in these liners were not made by butt welding 
because of the thin gage; instead, an overlap roll-resistance seam weld was 
employed. 
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Some test results had indicated that an adhesive bonded overlap 
joint in the liner might not be reliable when the liner must sustain high 
operating strains repeatedly applied during pressure-cycling of the vessel 
(Reference 20). On the other hand, the roll-resistance seam-weld joint in 0.006- 
in. -(0 . 152 -mm-) thick stainless steel had been shown to be leaktight in oblate 
spheroids subjected to 100 or more pressure cycles to 2% strain level and in 12- 
in . -(30 . 5-cm-) dia. by 37-in. -(94 .0-cm-) long cylindrical vessels subjected to 
25 cycles to 17 0 strain level. (References 12 and 13 )however, the geometry of the over 
lapped welded joint could introduce problems in obtaining the high-quality 
adhesive bond between the metal liner and overwrapped glass filaments needed 
to keep the liner from buckling. We believed that smooth liner without 
discontinuities and areas where overwrapped filaments would bridge, such as 
could be formed by electroforming metal on a removable mandrel or butt-welding 
liner components together, would provide a better design configuration. 

Although progress had been made in the development of processes 
for the electroforming of thin aluminum liners of good ductility on double- 
curvature shapes, it appeared that more exploratory development work was 
needed to demonstrate the potential of electroformed aluminum liners prior to 
committing a large development program to their use. Accordingly, this 
program was based on making aluminum liners by welding of liner components. 

D. MATERIALS, FABRICATION, AND DESIGN PROBLEMS AND SOLUTIONS 
1. Metal Liner 


The high strength and low modulus of glass filaments 
create a requirement for large biaxial strains in the metal liner, and are the 
most significant factors influencing metal-liner materials selection and 
design. The aluminum liner membrane used in the vessel must strain under a 
1— to— 1 biaxial strain field past its yield point to the operating and ultimate 
stresses of the glass filaments without failure or permeability to fluids 
under pressure. At ambient temperature, S-HTS glass filaments have an elastic 
modulus of 12.4 x 10^ psi (85.5 GN/m^) and a representative ultimate filament 
strength in pressure vessels of 330 000 psi (228 000 N/cm^) , resulting in a 
failure strain of about 2.7 %. At cryogenic temperatures, the strength of the 
filaments may increase as much as 50% to 495 000 psi (341 000 N/cm^) , while 
the modulus increases about 10% to 13.6 x 10 6 psi (93.8 GN/m^) , producing a 
biaxial failure strain of about 3.6%. Comparative stress-strain diagrams for 
S-HTS glass filaments and ductile aluminum liner materials at ambient and 
cryogenic temperatures are shown in Figure 2 . 

Under the 1-to-l biaxial-stress-field conditions, metals 
have a significantly reduced strain capability as compared with their uniaxial 
ductility. The allowable elongation under 1-to-l stress-field conditions is 
less than 50% and closer to 25% of the uniaxial ductility. We use the design 
rule that the allowable biaxial elongation of a metal under 1-to-l stress- 
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field conditions is 25% of the uniaxial value. With a biaxial design allow- 
able equal to 25% of the uniaxial elongation, the aluminum liner materials in 
the parent metal and weldments must have a uniaxial ductility capability about 
four times the ultimate glass filament strain, or 10.8% uniaxial elongation at 
ambient temperature and 14.4% at cryogenic temperatures, to be able to strain 
as a liner to achieve the full strength potential of the glass-filament-wound 
shell. 

While the metal membrane, which is completely overwrapped 
and constrained by the filaments, must have high ductility to perform ade- 
quately as a liner, the flanges of the axially located bosses of the liner are 
subjected to bending and shear stresses. If a quite ductile, but low-strength 
material is used to form both the liner and the bosses of a high-pressure 
vessel, the flange thickness becomes very thick compared to the membrane and 
an effective design for a low rigidity and high ductility transition between 
the boss and membrane may be difficult to develop. It is desirable that 
bosses have high strength to sustain with minimum flange thickness the imposed 
bending and shear loads resulting from pressurization of the vessel. 

These conflicting requirements for high ductility for the 
parent metal and welds of the membrane and high strength for the boss flanges 
lead to the concepts of forming the liner from either (1) two different alum- 
inum materials which are joined by bonding in the boss-to-membrane transi- 
tions, or (2) a single material selectively heat-treated to provide high 
strength to the bosses and ductility to the membrane. 

For maximum compatibility with the high glass -filament- 
wound composite strains in the end domes, the metal boss should have low 
rigidity and be as small as possible (i.e., the metal liner should have the 
minimum possible dimensions which do not plastically deform to the same 
strains as the isotensoid filaments of the vessel end domes). In practice 
this is accomplished by reducing the body of the boss to the smallest prac- 
tical dimensions in width and thickness. By keeping the width dimension 
small, the magnitude of mismatch between deflections of the filament -wound 
composite on top of the boss and the boss can be reduced, and the strain 
dumped into the liner membrane at the edge of the boss flange can be mini- 
mized. By keeping the thickness small, the boss flange can be blended into 
the liner membrane over a short distance to reduce the effective width dimen- 
sion of the boss . 

2 • Filament -Wound Composite Buildup at Boss 

As the boss diameter is reduced, the stacking (buildup) 
of the longitudinally wrapped composite around the boss is increased with a 
reduction in efficiency in the filament-wound composite in this region. By 
increasing the winding-tape width, however, the stackup can be reduced to 
acceptable levels . 
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3. 


Mandrel Support for Liner 


It is extremely important to provide firm mandrel support 
to the thin, soft aluminum liner during fabrication to preclude liner wrink- 
ling or buckling as could be produced by the overwrapped filaments. A pres- 
sure mandrel system was selected for use to provide good contact pressure 
between the liner and the filament -wound composite at all points, resulting in 
an enhancement of the adhesive bond. 

4. Adhesive Bonding of Liner to Glass -Filament 

Composite Overwrap 

Unlike the metal liner, which has both elastic and 
plastic components in its stress -strain curves, glass filaments are elastic 
throughout the entire stress-strain range. When a ductile aluminum lined 
glass -filament-wound vessel is loaded to its operating strain of about 1 to 
27, the metal liner strains elastically to its yield point and then plastic- 
ally (about 1-1/2 to 1-3/47) to the operating strain level. On depressuri- 
zation, the metal liner springs back along its offset stress-strain curve, 
recovering about 1/4 to 1/27 , strain elastically, and then is pushed plastic- 
ally into high compression as long as the liner does not buckle from the 
compressive stress. For thin, smooth, metal liners with high diameter-to- 
thickness ratios, an adhesive bond between the metal liner and filament -wound 
composite tank wall is required to prevent the liner from buckling under 
compressive stress. The bond must be capable of straining with the filament- 
wound composite to operating strain levels, at ambient temperatures and cryo- 
genic temperatures, without losing adhesion to either surface or failing it- 
self. This bond integrity must be maintained during repeated applications of 
the strain cycle during pressure cycling of the vessel. Should the bond fail, 
local buckling followed by fatigue failure of the liner and leakage will 
occur. Thus adhesive bond integrity a most important requirement for thin 
metal-lined glass-filament-wound tanks which must sustain fatigue cycling. 

The adhesive bonding system and procedures investigated, 
evaluated, and selected under the Reference 20 program for bonding single- 
curvature cylindrical aluminum liners to filament-wound-composite pressure 
vessels was chosen for this program on closed-end cylindrical vessels. The 
procedure consists of cleaning and priming the aluminum liner surface, 
applying adhesive-resin-saturated nylon scrim cloth to the surface of the 
liner (without gapping, overlapping, or wrinkling the scrim cloth), and then 
overwinding the adhesive layer with filament -wound composite and curing the 
resin systems. The nylon scrim cloth is used in the adhesive bond layer to 
control glue-line thickness, to impede the propagation of craze cracks from 
the filament -wound composite to the metal liner, and to improve performance of 
the bond. 
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II. 


DESIGN a FABRICATION. AND TESTING OF 
INITIAL VESSEL CONFIGURATIONS 


A. CRITERIA 

At the start of the program, designs were established for two 
configurations of glass -filament-wound pressure vessels with the following 
characteristics: 

• Liner: Aluminum, 6061-0 and 1100-0 (each vessel 

design used one material) 

Q Fiber Reinforcement: S-glass with HTS finish 

• Resin Matrix: Epon 828/DSA/Empol 1040/BDMA 

(100/115.9/20/1 pbw) 

• Liner to Composite Adhesive: Adiprene L-100/Epi-Rez 

5101/MOCA (80/20/17) with 
one layer of J P Stevens 
Nylon Scrim Cloth 
No. 34168-2 

• Burst Pressure: 3000 psi at 75°F (2070 N/cm^ at 297°K) 

• Shape; Closed-end cylinder 

• Size; 12-in. -(30. 5-cm-) dia. by 18-in. -(45. 7-cm-) long 

All components of the vessels were designed for service down to -423°F (20°K) . 
They had aluminum liners approximately 0 .010-in. -(0 .254-mm-) thick, equivalent 
in weight to a 0 .003-in. -(0 .076 -mm-) thick stainless steel liner. The thick- 
ness selection was made after consideration of fabrication tolerances and 
costs, handling and mandrel support requirements, and the requirement for 
absolute sealing. 

B. ALUMINUM LINER MATERIALS SELECTION, AND 

DESIGN AND FABRICATION CONCEPTS 

The conflicting requirements for high ductility for the parent 
metal and welds of the membrane and high strength for the boss flange lead to 
the concepts of forming the liner from (1) a single aluminum selectively 
heat-treated to provide high strength in the boss and ductility in the mem- 
brane, and (2) two different aluminum materials (high ductility membrane and 
high strength bosses) which are joined by bonding at the boss -to-membrane 
transition. 


The first approach permits formation of bosses integral with 
the membrane and eliminates a weld joint at each end of the vessel. (Welded 
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joints in the metal liner should be kept at a minimum to reduce problems 
associated with joint mismatch and weld defects, as well as other fabrication 
processes used in liner fabrication such as chemical milling.) By making the 
liner from one material, only a single weld located in the girth direction at 
the center of the cylindrical section is required. The one girth weld in the 
cylindrical section would be essentially a cast structure as welded, and could 
not be expected to have the ductility required over the design operating temp- 
erature range. However, the weld joint can be beneficiated by cold working 
followed by annealing to refine the weld structure and give it nearly the same 
properties as the parent material. 

The second approach permits the (1) formation of the liner mem- 
brane using the aluminum alloy having maximum ductility, and (2) the incor- 
poration (without welding) of high strength aluminum alloy bosses. These two 
components would be joined using the adhesive bonding techniques developed 
under the Reference 20 program. 

1. Aluminum Selection For Liners 


a. Aluminum Liner With Integral Bosses 

Aluminum alloy 6061 was selected for this liner. 
Data available for this material in the annealed condition shows adequate 
ductility over the service-temperature range to be usable for the membrane. 
However, effects on ductility of the fabrication processes and thickness to 
be employed needed to be evaluated. In the T6 condition, 6061 has satis- 
factory strength to perform effectively as the boss of the vessel. A liner 
fabrication technique was selected which would permit incorporation of selec- 
tively annealed 6061 aluminum in the liner membrane and 6061-T6 in the bosses. 
This technique, discussed in Section II-B-2-a, permits the fabrication of one- 
piece liner half shells requiring only a single circumferential weld. 

To improve the ductility of the circumferential 
weld joint in the membrane, the use of 1100 aluminum-alloy filler wire was 
contemplated. Further improvement in weld- joint ductility was planned through 
beneficiation of the weld by means of planishing. The benef iciation treat- 
ment of the weld results in cold work in the area to eliminate the cast 
structure and obtain recrystallization upon annealing. 

A metallurgical investigation was conducted prior 
to 6061 liner fabrication to evaluate and select the proper parameters for 
use in fabrication of the liners with integral bosses. This program is 
described in Section II-C-1. 

b. Aluminum Liner With Bonded Bosses 

Maximum ductility for the membrane at ambient and 
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cryogenic temperatures is obtainable by use of the Type 1100 aluminum in the 
annealed condition. For maximum strength in the boss flanges, 2219 aluminum 
alloy was selected for these components. 

A metallurgical investigation was conducted on 
Type 1100 aluminum prior to liner fabrication to evaluate and select the 
proper parameters for use in fabrication of these liners . This program is 
described in Section II-C-2. 

2. Liner Fabrication Processes 


a. 6061 Aluminum Liner With Integral Bosses 
( 1) Selection of Fabrication Method 


To satisfy requirements needed for a thin 
metal-liner of glass filament -wound pressure vessels, the liner must incor- 
porate the following characteristics: (a) thin gage in the membrane to give 

minimum weight while also providing absolute sealing of the filament-wound 
structure, (b) metallurgical integrity to provide high strain capability in 
the membrane, and (c) suitable strength in areas not fully supported by fila- 
ment winding. 


The ideal metal structure to best meet the 
cyclic straining and burst strain requirements of the liner would be of 
single-piece or unit construction, and would efficiently withstand the end 
loads adjacent to the boss areas (on the axial center line) and still provide 
in all other areas the high ductility needed for compatibility with the glass 
filament-wound structure. To fulfill all these requirements, and make 
possible the fabrication of a liner within the limits of present-day metal- 
working technology, required the employment of three metal-manufacturing 
processes not heretofore used in glass -filament -wound vessel-liner manufac- 
ture. These processes are described below. 

Chemical Milling - A metal-removal process 
which made possible the controlled etching of a relatively thin membrane to 
obtain a minimum thickness not possible with conventional metal-removal 
methods without inducing harmful metallurgical effects, such as high surface 
stress induced by cutting tools. 

Temper Control - A selective heat-treat- 
ment process which provided needed mechanical properties in certain areas of 
the metal structure so that high strength could be imparted to one or more 
areas which require high load-carrying ability while other areas concurrently 
incorporated a relatively low-strength, highly ductile character. 
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Weld-Joint Beneficiation - This process 
upgrades the properties of butt-welded joints in wrought material where the 
character of the weldment permits restoration to a substantial extent the 
wrought properties of the parent material by planishing under controlled 
conditions the cast metal of the weldment. Upon welding of the butted edges, 
the fused metal "wells up" on the side from which the welding is performed. 
Appropriate backup with copper chill elements, inert-gas shielding, and con- 
trol of heat sources prevents excessive penetration or dropthrough on the weld 
backside. In the gage to be used for making liner welds the fused metal 
builds up in thickness to approximately 25 % aver the original thickness of the 
joined edges. Since such buildup is practically all on the external side of 
the weld, it is accessible for cold work by mechanical means to restore as 
much as possible the original properties of the parent material. This is 
accomplished by passing the weld seam under a pressure roll with appropriate 
support from the internal side of the liner to preclude buckling or other 
damage. The pressure used to level the weld bead is just enough to bring the 
fused metal back to the original sheet thickness, with the adjacent unwelded 
metal serving as a thickness control. Because the weld metal is cold -worked, 
it is necessary to anneal the weld after this operation to insure maximum 
ductility in the weld. Depending on the purity of the metal fused and the 
amount of cold work, the beneficiated weld joint will have the same or nearly 
the same properties as the parent material. Even though the original proper- 
ties may not be completely restored, the beneficiated weld joint should be 
significantly better than the "as -welded" joint, which contains essentially a 
cast structure. 


(2) Configuration Selection 

In view of the efficiencies afforded by 
the fabrication processes discussed above and the program objectives of' 1 
creating the best liner design compatible with available metal materials , 
"state-of-the-art" metal-fabrication technology, and the overall objectives 
incident to the liners end use, the l2-in.-(30.5-cm-) dia . by 18-in. -(45 . 7- 
cm-) long closed-end cylindrical liner incorporated the following character- 
istics : 


(a) The liner was fabricated of 6061 
aluminum alloy plate stock with mechanical properties subject to temper 
control. By selective heat treatment, bosses and adjacent high load areas 
incorporated properties of a heat treatment to obtain maximum strength with a 
transition to areas needing less strength but high ductility. 

(b) The liner was essentially of two- 
piece construction with a single beneficiated circumferential weld joining 
two similar halves at a midpoint of the cylindrical section. The configur- 
ation of the entire liner was a cylinder section with oblate spheroid ends 
having integral polar bosses in each dome. 
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(c) The liner membrane was of 

0. 010-in. -(0.254-mm) nominal thickness in all areas. A transition thickness 
existed between boss areas and membrane to preclude local stress loading. The 
manufacturing tolerances for membrane thickness was as follows: 

807o of area 0.010 + 0.002 in. 

(0.254*+ 0.051 mm) 

10% of area 0.010 + 0.004/-0.002 in. 

(0.254 + 0. 102 /-0 .051 mm) 

10% of area 0.010 + 0.006/ -0.002 in. 

(0.254 + 0. 152/-0.051 mm) 

The variations permitted by these tolerances were to be random in location and 
were necessary because of inconsistencies of metal conversion and removal 
processes involved in the overall manufacturing task. 

(3) Fabrication Plan 


The approach taken for liner manufacture 
embraced several metal-manufacturing technologies in the following general 
sequence : 


(a) Preform machining to configuration 
for each liner half from 1.00 -in. -(2 .54-cm-) thick plate aluminum alloy 
6061-T651 as shown in Figure 3A. The choice of 6061-T651 aluminum alloy as 
the starting material was made because this material condition provides a 
fully stabilized metal structure for the close-tolerance machining to a 

0 .036/0 .030-in. -(0 .091/0 .076-cm-) thickness selected for forming. The use of 
a non-stabilized material condition would have required a rough-machining 
operation followed by another solution treatment and aging to render the 
material acceptable for final machining of the membrane area. The stabilized 
material did not distort or exhibit inherent stress due to the solution treat- 
ment, because the stretch stabilization given the material during its fabri- 
cation following the solution treatment and prior to aging reduced the inter- 
nal stress to an insignificant consideration. Further, the use of such stab- 
ilized material precluded the possibility of internal stress being relieved 
due to chemical milling to result in "oil canning" or other effects. 

(b) Forming by deep-drawing method to 
internal contour, utilizing heated dies as required to facilitate forming. 

This step of the process is depicted in Figure 3B. 

(c) Selectively annealing of membrane 
area, ensuring that boss areas did not exceed the temperature which would 
remove the original T651 temper, as shown in Figure 3C. Hardness testing of 
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boss areas was performed to detect any possible loss in hardness in boss areas. 

(d) Chemical-milling of the entire area 
of the membrane, except the area adjacent to the circumferential weld joint, 
to final design thickness, as indicated in Figure 3D. 

(e) Preparing the weld joint by machin- 
ing to the appropriate length, fusion-butt-welding using the tungsten inert- 
gas welding process, and beneficiating the weld after welding (see Figure 3E) . 

(f) Performing weld- joint non-destruc- 
tive testing utilizing dye-penetrant inspection as an in-process inspection 
and radiographic inspection as a final inspection. 


(g) Induction-annealing of the weld 


area as required (see Figure 3E) . 


as required. 


(h) 


In-process leak-checking of liner 


(i) Machining the area of the weld 

joint to the final wall thickness of the membrane (this process step is shown 
in Figure 3B) ; machining bosses and adjacent areas to final configuration. 


helium leak checking. 


(j) Final-inspection, including final 


(k) Final -cleaning in weak chromic acid 
solution, followed by rinsing in deionized water, and drying in 150 to 180 F 
(340 to 356 °K) atmosphere. 


b. 1100-0 Aluminum Liner With Bonded Bosses 

Considerations described above for the 6061 alum- 
inum liner with integral bosses were generally applicable for the 1100 alum- 
inum liner. The 1100-0 aluminum liner fabrication process also involved the 
use of chemical milling and weld-joint benef iciation. The liner was of two- 
piece construction with a single beneficiated circumferential weld joining two 
similar halves at the midpoint of the cylindrical section. Thickness toler- 
ances were as for the liner with integral bosses. The liner fabrication plan 
generally followed that of the 6061 aluminum integral boss configuration, 
except for starting thickness, selective heat treatment processes, and oper- 
ations specifically related to formation of the integral bosses. 
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3. 


Other Points of Discussion 


a. Weld Quality 

Procedures were planned for attainment of highest- 
quality welds and their inspection, followed by weld zone beneficiation by 
cold work and compacting to ensure integrity. The weld zone was not chemic- 
ally milled to reduce thickness; in order to guard against any possible 
degradation of properties from the chemical milling reagents. 

b. Protection of Welds During Chemical Milling 
and Removal of Excess Material 

It was planned that chemical milling would be con- 
ducted before welding. Excess metal above the desired membrane thickness 
after beneficiation of the weld was to be removed by machining and hand work- 
ing. 


c. Effect of Chemical Milling on 
Mechanical Properties 

Chemical milling in relatively thin membrane 
structures does serve to reduce mechanical properties. Before prototype liner 
fabrication, tests were planned to establish the effect of chemical milling on 
ductility of the 0.010 or 0.254 mm thick 6061 and 1100 aluminum liner 
materials . 


d. Effect of Weld-Joint Beneficiation on 
Mechanical Properties 

A literature search did not reveal any data on the 
effect of exposure at cryogenic temperatures on the mechanical properties of 
weld joints of 6061 aluminum alloy in the annealed condition. Consequently, 
in support of the program, a preliminary group of butt-welded specimens were 
prepared by fusion-welding two 0.031-in. (0.787-mm) 6061-0 aluminum-alloy 
sheets without filler wire. The weld joints were beneficiated by means of 
planishing using the method to be employed in the proposed liner. Prior to 
testing, the specimens were annealed to remove cold-work effects on the plan- 
ished weld £y holding at Q 775 F £686 K) for one hour, cooling in a furnace at 
50 F/hr (28 K/hr) to 500 F (533 K) , and then removing from the furnace and 
air-cooling to room temperature. 

0 o The res ults of preliminary tests at +75 (297°K), 

-320 (77 K) , and -423 F (20 K) on the annealed planished weld joints are pre- 
sented in Table 1. These test results showed that high-quality weld joints 
in 6061-0 aluminum alloy that have been planished and annealed after the 
planishing operation have elongation. values over the temperature range of +75 
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to -423°F (297 to 20°K) considerably in excess of the minimum required. In 
addition, the comparison with parent metal at ambient temperature indicated 
that weld-joint efficiency of 100% was obtained. 

C . DESIGN 

The efforts included liner-material characterization analysis, 
fabrication process /structural design interaction evaluations, and vessel 
structural analysis and design. 

1. Liner-Material Characterization Analysis 

Mechanical data were obtained from 6061 and 1100 alum- 
inum specimens to optimize fabrication procedures and design before liner 
fabrication. The purpose of this investigation was to determine the effect, 
if any, that fabrication processing, including chemical milling, would have on 
the structure and ductility of aluminum alloys 6061 and 1100 chemical-milled 
from sheet or plate to the 0 .010-in. -(0 ,254-mm-) thickness of the liner mem- 
brane. Tests involved tensile tests at ambient and cryogenic temperatures to 
establish ductility and strength of liner -membrane parent metal and weldments 
which had undergone the proposed fabrication sequences, as well as microscopic 
examination to determine any evidence of intergranular attack. Results of the 
evaluation are presented in Appendix A and summarized below. 

a. 6061-0 Aluminum 

(1) Effect of Position in Plate On Properties 

Fabrication of liner halfshells with inte- 
gral bosses required use of 1 .00-in. -(2 .54-cm-) thick plate as the starting 
material. Variation in properties through the plate thickness were investi- 
gated. It was found that, on the basis of ductility and grain structure, the 
liner membrane could be taken from the 1-in. -(2 .54-cm-) thick plate up to a 
depth of 0.125-in. or 0.318-cm from the surface. 

(2) Effect of Thickness on Properties 
of Non-Chemically Milled Material 


Ductility of 6061-0 aluminum 0.012 -in. - 
(0.305-mm-) thick, when measured over a 2-in. -(5 .08-cm-) gage length, was 
significantly lower than for specimens 0 . 030-in. -(0 . 762 -mm-) thick, but 
appeared to be adequate to meet liner requirements. 

(3) Effect of Chemical Milling and 

Annealing Procedure on Properties 

This evaluation showed that the degree of 
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chemical milling employed affected ductility. Specimens chemically milled 
from 0.030-in. to 0 . 010-in. -(0.762 -mm to 0.254-mm-) thickness had slightly 
less ductility than specimens chemically milled from 0.020-in. to 0.010-in. - 
(0.508-mm to 0.254-mm-) thickness. The chemical milling solution apparently 
attacked the aluminum in a non-uniform manner, producing significant thickness 
variation (waviness) due to intergranular attack. However, to ease fabrica- 
tion difficulties, it was decided to chemically mill the liner to the 0.010-in. 
-(0.254-mm-) thickness from material machined to 0.030-in. -(0.762 -mm-) thick- 
ness . 

Modification of the standard annealing pro- 
cedure to one in which a more rapid cooling rate was incorporated was invest- 
igated to guide the choice of selective heat treatment procedures required at 
the liner integral polar bosses. It was found that cooling from the annealing 
temperature faster than the standard practice resulted in incomplete annealing 
and reduction in ductility; accordingly, standard practice was employed in 
liner fabrication. 


(4) Parent Metal Properties at Ambient, 

Liquid Nitrogen, and Liquid Hydrogen 
Temperatures 

Characterization was made of tensile 

strength, yield strength, and ductility over the temperature range for 0.010- 


in. or 0.254-mm specimens, resulting in the following 
Temperature Tensile Strength Yield Strength 

typical properties: 

Elongation 
In 2-In. (5.08-cm) 

°F 

°K 

psi 

N/cm^ 

■ P si 

N/cm^ 

% 

75 

297 

15 200 

10 500 

6800 

4700 

13.8 

-320 

77 

26 900 

18 500 

8800 

6100 

21.7 

-423 

20 

45 600 

31 400 


„ 

24.7 


Ductility as measured over shorter 0.50-in. (1.27-cm) and 0.25-in. (0.635-cm) 
gage lengths were generally about the same as for the 2 -in. (5.08-cm) gage 
length. Values appeared to be adequate when compared to design property ob- 
jectives for the material. 


(5) Welded Specimen Properties at Ambient, 
Liquid Nitrogen, and Liquid Hydrogen 
Temperatures 

Available data on aluminum alloy 6061 weld 
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joints are based mainly on the use of other aluminum-alloy filler wires. To 
determine the degree of increased weld-joint ductility obtainable by both butt 
fusion welding (without filler wire) and the use of the softer 1100 alloy as a 
filler wire, weld joints of both types were made and evaluated which incorpor- 
ated the proposed liner-fabrication sequence, including chemical milling. 

These tests were made at 75°F (297°K), -320°F (77°K), and -423 F (20 K) and 
included tests of 0. 010-in. -(0.254-mm-) thick as-welded joints and joints 
which had been beneficiated by planishing after welding. The beneficiated 
welds were annealed prior to testing. Control specimens of 0 .010-in. -(0 .254- 
mm-) thick parent metal which had undergone the simulated fabrication process 
were tested simultaneously for comparison. 


TIG butt fusion welded and annealed joints 
(without filler wire) were so brittle, as determined from bend tests, that 
tensile testing was not performed. 

Annealed welds prepared by TIG butt fusion 
welding with 1100 aluminum filler wire had low elongation values in a 2-in.- 
(5.08-cm-) gage length. However, the ductility of the specimens was high in 
the weld joint (approximately 1/4-in gage length) due to the use of soft type 
1100 filler wire there, and the readings in 2-in gage length were not representative 
of ductility of the specimens. 

Annealed welds prepared by TIG butt fusion 
welding with 1100 aluminum filler wire, followed by benef iciation, showed 
elongation values in 0 . 25-in. -(0.635-cm-) gage length two to four times the 
ductility measured over a 2-in. -(5 .08-cm-) gage length. The weld joint was 
quite soft compared with the parent metal, and failure occurred in it. Typ- 
ical properties were the following: 

Elongation in 


Temperature 

Tensile Strength 

Yield Strength 

0. 25-In. (0 

o 

F 

°K 

psi 

N/cm^ 

psi 

N/cm^ 

7o 

75 

297 

14 200 

9800 

6800 

4700 

13.8 

-320 

77 

23 400 

16 100 

10 000 

6900 

11.3 

-423 

20 

32 000 

22 100 

_ 


14.3 


Elongation values over the temperature range were marginal compared to the 
design property objectives. Welded specimen yield strength was comparable to 
parent metal yield strength. Tensile strengths were lower for welded speci- 
ments at all temperatures. Ambient temperature ductility was about the same 
for both types of specimens, and at cryogenic temperatures, the welded speci- 
men ductility generally tended to remain constant while the parent metal 
ductility increased. 
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In view of the findings that weld bene- 

ficiation and 1100 aluminum filler wire apparently improved ductility, the use 
of them was selected for liner manufacture. 

b. 1100-0 Aluminum 

(1) Effect of Thickness on Properties 

of Non-Chemical ly Milled Material 

Ductility of 0. 010-in. -(0.254-mm-) thick 
material was lower than for material 0 .035-in. -(0.889-mm-) thick, but exceeded 
the design property objectives for the material. 

(2) Effect of Chemical Milling on Properties 

Chemical milling from 0.030-in. (0.762 -mm) 
to 0. 010-in, (0.254-cm) thickness did not appear to have a detrimental effect 
on properties. Microscopic examination of specimens revealed a uniform 
material removal during chemical milling. 

(3) Parent Metal Properties at Ambient. 

Liquid Nitrogen, and Liquid Hydrogen 

Temperatures 

The following typical properties were 
measured for 0 .010-in. -(0 .254-mm-) thick specimens: 

Elongation in 


Temperature 

Tensile Strength 

Yield 

Strength 

2-In. (5 

°F 

°K 

psi 

N/cm^ 

psi 

N/crn^ 

% 

75 

297 

12 300 

8500 

5400 

3700 

15.8 

-320 

77 

24 300 

16 800 

6600 

4600 

27.5 

-423 

20 

37 900 

26 100 


_ 

35.2 


Elongations over the shorter gage lengths, 0.50-in. (1.27-cm) and 0.25-in. 
(0.635-cm), were about the same as for the 2 .0-in. -(5 .08-cm-) gage length, 
and were adequate to meet liner design requirements. 

(4) Welded Specimen Properties at Ambient, 
Liquid Nitrogen, and Liquid Hydrogen 
Temperatures 

Annealed TIG butt fusion welds with 1100 
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aluminum filler wire, with and without benef iciation, were evaluated. For 
annealed as-welded specimens, about one-half the specimens failed in the 
parent metal; for beneficiated and annealed weld specimens, about three- 
quarters of the specimens failed in the parent metal, indicating the good weld 
strength obtained. Typical properties for beneficiated and annealed welded 
specimens were as follows: 


Elongation in 


Temperature 

Tensile Strength 

Yield Strength 2 

-In. (5. 08 -cm)* 

fjF 

°K 

psi 

N/cm^ 

psi N/cm 

% 

75 

297 

11 200 

7700 

4100 2800 

17.9 

-320 

77 

24 100 

16 600 

7100 4900 

30.0 

-423 

20 

39 300 

27 100 

- 

32.5 

Beneficiation of 

the joint 

welded with 

1100 aluminum filler 

wire was selected 


for liner fabrication. 

2 . Vessel Structural and Design Analysis 

Two designs for 0 .010-in. -(0.254-mm-) thick aluminum- 
lined glass-filament -wound closed-end-vessels of 12-in. -,/30.5-cm-) dia. by 
18-in. -(45. 7-cm-) length and having 3000 psig (2070 N/cm ) burst strength at 
ambient temperature were prepared in accordance with the criteria given in 
Section II-A. Vessel polar boss diameters were fixed at 10% of the vessel 
diameter, or 1.2-in. (3.05-cm). One vessel had a 6061 aluminum liner and the 
other utilized 1100 aluminum. Design-allowable glass -filament strength, 
vessel membrane analysis (including computer input and output) , vessel head- 
to-cylinder juncture discontinuity analysis, winding pattern analysis, and 
design analysis of the polar bosses are given in Appendix B. Results are 
summarized below. 


a. Ambient Temperature Design Allowable 
Glass Filament-Strength 

The single-pressure-cycle allowable S-glass fila- 
ment strengths were 316 000 psi (218 000 N/cm ) for the longitudinal fila- 
ments and 354 000 psi (244 000 N/cm^) for the hoop filaments. These values 
increased to 395 000 psi (272 000 N/cm^) for the longitudinal windings and 
443 000 psi (305 000 N/cm^) for the hoop windings at cryogenic temperatures. 


* parent metal failures 
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b. 


Membrane Analysis Results 


Design thicknesses determined for longitudinal and 
hoop glass filament windings applied over the 0 .010-in. -(0 .254-mm-) thick 
aluminum liners to achieve the 3000 psig (2070 N/cm^) burst strength at ambi- 
ent temperatures were the following: 


Longitudinal filament-wound 
composite thickness in cylinder 

and at equator of heads 0. 042-in. (0.107-cm) 


Equivalent filament thickness 
in longitudinal and at equator 

of heads 0 .028-in. (0.071-cm) 

Hoop filament -wound composite 

thickness in cylinder 0. 075-in. (0.191-cm) 


Equivalent filament thickness 

in hoop direction of cylinder 0.051-in. (0.130-cm) 

Cylindrical section length was 10.74 in. (27.28 cm) for the 12-in. -(30 . 5-cm-) 
dia. by 18-in. -(45 . 7-cm-) long closed-end vessel. Vessel design burst pres- 
sure increased from 3000 psi (2070 N/cm^) at ambient temperature to 3750 psig 
(2590 N/cm^) at cryogenic temperatures. 


c. Head-To-Cylinder Discontinuity 

Analysis Results 

This analysis of the vessel (as designed by the 
computer) showed the maximum longitudinal filament stress at ambient temper- 
ature and 3000 psig (2070 N/crn^) to be 318 500 psi or 219 600 N/cm^ (0.8% 
greater than the allowable design stress) , in the vessel cylinder section 
0.1 in. (0.254 cm) from the tangent plane. 

d. Filament-Winding Pattern 

The filament -wound vessels had two winding 
patterns: a longitudinal-in-plane pattern along the cylinder and over the end 

domes to provide the total filament -wound composite strength in the heads and 
the longitudinal strength in the cylindrical section; and a circumferential 
pattern applied along the cylinder for hoop strength in this section. Owens- 
Corning S/HTS glass 20-end continuous filament roving was selected for vessel 
winding. The calculated vessel filament -winding pattern consisted of six 
layers of longitudinal winding (each layer uniformily distributed by winding 
a 0. 268-in. -(0.681-cm-) wide tape, formed from three 20-end rovings, at 140 
turns per revolution of the liner) , and ten layers of hoop winding (each 
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layer uniformly distributed by winding a single 20-end roving at 12 turns per 
inch (4.72 turns/cm) of cylinder section). 

e. Complete Vessel Designs 

The 6061 aluminum liner design is shown in 
Figure 4, the 1100 aluminum liner design in Figure 5, the boss for the 1100 
aluminum liner in Figure 6, and the aluminum- lined glass-filament-wound 
pressure vessel in Figure 7. 

3. Evaluation of Adhesive Bond Between Aluminum 

Liner and Glass Filament -Wound Composite 

i Under the Reference 20 program, an aluminum- to- composite 

adhesive bonding system for cryogenic service consisting of Adiprene L-100/ 
Epi-Rez 5101/MOCA (80/20/17 pbw) with nylon scrim cloth was evaluated Q using a 
curing schedule of 16 hours at room temperature, 1 hour at 150 F (340 K) , and 
8 hours at 250 F (394 K) . On the Reference 24 program, a glass filament -wound 
composite resin matrix for cryogenic service consisting of Epon 828/Empol 
1040/DSA/BDMA (100/20/115.9/1.0 pbw) and designated as cryogenic Resin No. 2 
was developed using a curing schedule of 2 hours at 150 F (340 K) , followed by 
4 hours at 300°F (422 K) . Both polymeric material systems were planned for 
use in vessel fabrication. In order to identify (1) the compatibility of the 
two systems, and (2) the single vessel curing schedule that had to be used for 
both the adhesive and resin, the evaluation described below was conducted. 

a. Experimental Procedure 

T-peel adhesion tests were made at ambient and 
liquid nitrogen temperatures on specimens consisting of 0 .010-in. -(0 .254-mm-) 
thick 6061 aluminum as the adherent, the adhesive described above with a 
single layer of nylon scrim cloth imbedded in the adhesive along the bonding 
surface, and 181 glass cloth impregnated with Resin No. 2 as the supporting 
member. Both J P Stevens nylon scrim cloth styles S-1852-2-400 and 34168-2 
were evaluated; the Type 34168-2 had been previously used before under the 
Reference 20 program, and the Type S-1852-2-400 had a slightly more open 
weave. The fabrication procedure used for specimen preparation simulated that 
of the metal-lined f i lament -wound tankage fabricated and tested later in the 
program. Strips of 2024 aluminum 1-in. by 4-in. by 1/8 in. (2.5-cm by 
10.2-cm by 0.32 -cm) were used on the backside of the 181 glass cloth impreg- 
nated laminate to provide rigidity for the adhesion testing. The detailed 
fabrication procedure is given in Appendix C. 

b. Results 

The T-peel adhesion was determined using Federal 
Test Methods Specification No. 601, Method 8031. Testing of specimens fabricated 
with the 
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Type S-1852-2-400 nylon scrim cloth was accomplished first. Six specimens 
each were given the following elevated temperature cures: 


Time, Hours 

gemperature 
F K 

4 

300 

422 

6 

300 

422 

8 

250 

394 

16 

250 

394 

24 

250 

394 


Three specimens each were tested for each condi- 
tion of cure and test temperature (ambient or liquid nitrogen temperature) . 

The T-peel adhesion results are shown graphically in Figure 8 and listed in 
Table 2. The average, high, and low values of each group of three specimens 
are indicated. The results indicate that the 4 hours at 300°F (422°K) cure 
produced the highest values at both room and cryogenic temperatures. However, 
reasonably good results were obtained on the specimens cured 24 hours at 250°F 
(394°K) which may indicate reasonably equivalent cures for the specified resin 
system. The lower values and wide spread in adhesion results of the shorter 
cures at 250°F (394°K) , particularly at ambient temperature, indicate that the 
resin system is not completely cured even though the adhesive system may have 
reached optimum cure. 

Next, specimens were fabricated from the Type 
34168-2 nylon scrim cloth (scoured and heat set) and cured at 300°F (422°K) 
for 4 hours and 250°F (394°K) for 8 hours; test specimens cured 12 hours at 
300°F (422°K) were also included to determine the effect of an overcure on 
bond strength. Peel tests were conducted at ambient, LN 2 , and LH 2 temper- 
atures, with the results given in Table 2. 

The test results show a slightly lower value for 
the 4 hours at 300°F (422°K) cure in room temperature tests (17.0 lbf/in or 
29.8 N/cm) than was obtained when S-1852-2-400 nylon scrim cloth was used 
(23.5 lbf/in or 41.1 N/cm). The value of 20 lbf/in or 29.1 N/cm for the 8 
hours at 250°F (394°K) cure was somewhat higher than the average value of 
16.6 lbf/in or 29.1 N/cm obtained previously with the other nylon scrim cloth. 
The cryogenic test results at -320°F (77°K) for the 4 hours at 300°F (422°K) 
cure (17.0 lbf/in or 29.8 N/cm) was higher than obtained with the laminate 
containing S-1852-2-400 nylon scrim cloth (12.5 lbf/in or 21.9 N/cm). 

The adhesion of 20 lbf/in (35.0 N/cm) obtained on 
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the 12 hours at 300°F (422°K) cure indicates that no loss of bond strength for 
this adhesive system is produced by a long cure at the 300°F (422°K) tempera- 
ture. This indicates that a satisfactory margin of safety exists in the use 
of a 300°F (422 °K) curing temperature. Based on these results, the Type 
34168-2 nylon scrim cloth and a cure of 4 hours at 300°F or 422°K (the stand- 
ard Resin No. 2 cure) was selected for vessel fabrication. 

Approximately equivalent adhesion values were 
obtained on test specimens assembled either before or after a 16 hour room 
temperature gel cure of the adhesive, indicating that gel curing does not 
reduce the bonding properties of the adhesive. This result was considered 
important considering that in fabrication of the filament -wound tanks, several 
hours elapse between application of the adhesive and the winding of the 
vessel. 


D. FABRICATION 

1. Metal Liners 

As previously described, 12-in.-(30.5-cm-) dia. by 18-in. 
-(45.7-cm-) long aluminum liner fabrication involved two tasks: 

• Develop and produce 0 .010-in. -(0 .254-mm-) thick 
1100-0 aluminum liners with bonded 6061-T6 aluminum 
bosses, using a single girth weld to join mating 
1100 aluminum half liners. 

# Develop and produce 0 .010-in. -(0 .254-mm-) thick 
6061 aluminum liners with integral 6061-T6 bosses 
and 6061-0 membrane, using a single girth weld to 
join mating halves. 

Detailed procedures were prepared to guide fabrication of the 6061 and 1100 
aluminum liners; they are presented in Appendices D and E. The manufacture of 
both types of liners follows the general sequence indicated in Table 3, with 
in-process inspections described in Appendices D and E. Tasks common to both 
liners were: 


# Precision deep drawing to provide liner halfshells 
to exact internal configuration to eliminate machin- 
ing on internal surfaces (successfully accomplished 
for both liner types) . 

• Precision sizing to provide liners capable of being 
machined to 0 . 030-in. -(0 . 762 -mm-) thickness in 
membrane without buckling, "oil -canning," wrinkling, 
and other conditions associated with the thin wall 
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(successfully accomplished for both liner types). 


• Precision machining of membrane to wall thickness 
of 0.030-in. or 0.762-mm (successfully accomplished 
for both liner types). 

• Precision chemical milling to provide membrane wall 
thickness of 0.012 -in. (0.305-mm) prior to closure 
welding (successfully accomplished for both liner 
types) . 

• Precision TIG welding to provide welds of high 
integrity in both liner types using 1100 aluminum 
filler wire (problems were encountered in accom- 
plishment of this task) . 

All liners were required to pass a helium-leak check with 
a mass spectrometer at a pressure differential of 5-7 psia (3. 4-4. 8 N/cn£) . 

a. 1100 Aluminum Liners 

Figure 9 shows a drawn and machined liner half- 
shell before girth weld joint preparation. A 6061-T6 boss, for bonding in the 
half shell, is shown in Figure 10. A half shell with boss bonded in place is 
depicted in Figure 11. 


Adhesive bonding of 6061 aluminum bosses to the 
1100 aluminum half shells before welding at the girth was done with the 
adhesive used for bonding the metal liner to the filament -wound composite. A 
bonding technique was developed, as described in Appendix D, which involved 
cleaning of the adhering surfaces, priming, coating of both surfaces with 
adhesive, and curing under vacuum bag pressure. 

Girth closure welding was undertaken on the 1100 
aluminum liner before the 6061 aluminum liner. The primary problem encoun- 
tered was obtaining liners without cracks in the girth weld joint. Cracking 
has occurred both during and after half shell closure welding. Eight 1100 
aluminum liners had to be closure welded to get two units with leak-tight 
girth welds; one of the two required no repair welds while the other needed 
extensive repair welds in order to pass helium leak test. Delayed cracking 
of girth weld joints was noted in some of the liners . The cause of the crack- 
ing is not known, but is probably related to the following factors associated 
with procedures and tooling: 


# TIG welding of the relatively thin and 
narrow weld joint detail, with adjacent 

0 .012-in. -(0.305-mm-) thick liner membrane 
material . 

# Excessive chill of the weld by the backup 
ring. 
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# Differential thermal expansion of assembly 
components . 

# Restraint of liner axial movement during 
welding. 

The evolution of weld joint details is shown in 
Figure 12. Initially, the joint was as shown in Figure 12A, with relieved 
copper backup ring (later removed by etching with nitric acid) , to minimize 
weld drop through, minimize shell distortion, and permit planishing. No pre- 
heat of the weld joint was attempted initially. 

Since as small as possible of a weld was wanted, 
the welding of both units was accomplished with the minimum heat input and 
minimum 1100 aluminum weld filler wire needed to achieve fusion. However, 
because of the mass of aluminum adjacent to the joint line and its heat dis- 
sipation characteristics, heat input to achieve fusion was high, leading to a 
thicker and wider weld than desired. Weld cracking resulted from use of the 
joint configuration. 


The weld joint configuration shown in Figure 12B 
was next tried, and also resulted in weld cracking. Following this, the joint 
shown in Figure 12C was used, after review and evaluation of previous efforts 
and additional trial welding of full diameter rings simulating the liner joint 
conducted. This joint had two edges with sufficient material to ensure butt- 
up and joint alignment, and a proper geometry for welding - material was pro- 
vided only as required to permit development of enough heat for welding in a 
small localized area. Welding of a liner was accomplished without evidence of 
cracking, the weld area was annealed, and then dressed off for planishing. 

Upon weld planishing, some small cracks developed. Repairs were made and the 
repairs dressed, until no cracks were evident from dye penetrant inspection. 
The liner was reannealed and then planished. As final weld dressing was 
accomplished by hand with emery paper before the final planishing operation, 
cracks at the parent metal-to-weld liner were observed. 

Possible causes for the cracking were reviewed, 
including: flexing of the weld fixture during welding and in subsequent 

handling, excessive chill of the weld by the backup ring, differential ther- 
mal expansion of assembly components (liner halfshells, backup ring, external 
rings), and restraint of liner halfshell axial movement during welding. 
Corrective action was taken in each of these areas for the welding of another 
liner including: steel support rod addition to weld fixture for increased 

rigidity, transportation of the liner assembly in a vertical rather than 
horizontal position, preheat of the weld fixture and liner halfshell assembly 
in an oven to 350°F (450°K) before welding, and loosening of the external 
stainless steel restraining clamps. Additionally, it was decided to minimize 
dressing of the weld because of possible inadvertant parent metal thinning. 
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With these changes made, two liners were successfully welded, the weld 
dressed, planished, and annealed without weld cracking or the necessity for 
any repairs. These liners were leak tested and used for vessel fabrication. 

Another important factor related to the membrane 
and filler wire material. The general procedure in TIG welding aluminum and 
its alloys is to weld with a filler metal of higher alloy than the parent 
metal so that the weld when molten or on cooling will have strength as equiv- 
alent as possible to the material being joined and the thermal stresses are 
then balanced or compensated. In the case of the 1100 aluminum liner, the 
metal being joined is welded with the same filler metal which when molten or 
hot is weaker than the cooler parent metal. Consequently, stresses can pro- 
duce cracking as the metal structure is heated and cooled in the welding pro- 
cess . 


The use of 1100 material for both weld parent 
metal and filler material induces high stresses in the weld. This is because 
of 1100 aluminums higher melting point to flow as weld metal, its higher thermal 
conductivity, and its higher thermal expansion coeficient as compared with other 
weld fillers. To minimize stresses, the weld backup ring should permit circumfer- 
ential shrinkage of the weld on cooling as well as axial shrinkage. However, the 
need to have mating edges fit closely for TIG welding led to the use of an inter- 
ference fit between halfshells and the back-up ring for welding all of the 1100 
aluminum liners. This in turn prevented axial contraction of liner ha If shells and 
it is believed on cooling weld tensile stresses were set up leading to cracking 
parallel to the weld seam. Additionally the interference fit between the ha If shells 
and backup ring, which required that the weaker member be under slight stress to hug 
the other member, only made for greater stresses when the weld bead was developed in 
the molten state and then contracted when colled. The stresses which were induced 
tended to be taken out at the thinner heat affected zone of the liner weld. 

In retrospect, the backup ring should have prob- 
ably been looser fitting to permit liner shrinkage during welding; we estimate 
that the backup ring should be 0.010 - 0.014-in. (0.254 - 0.356-mm) smaller 
in diameter than the halfshells. With this looser fit between the tooling and 
halfshells, full diameter tacking should be employed to insure proper align- 
ment and fitup of mating halves. In addition, we think the backup ring should 
have had more relief to permit slightly more weld bead to naturally form on 
the weld backside; where only a very small relief was provided (about 0.010-in 
or 0.254-mm), there was a tendency for excess drop-through to form which in 
turn distorted the weld joint and membrane by pushing against the backup ring 
and displacing the weld joint area outwardly. The backup ring relief config- 
uration recommended is shown in Figure 12D. 

We think that the use of a thicker wall thickness 
during the TIG welding would only have magnified the problems encountered in 
girth welding because the heat input to fuse the thicker material would then 
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be much greater to bring the metal affected to the welding temperature. With 
increased heat there would be more expansion of the curved mating parts, and 
greater thermal stress effect which could result in more severe buckling, 
shrinkage, and possible cracking. 

A secondary problem associated with the 1100 
aluminum liner, noted only on the two liners that were produced with leak 
tight weld joints (and which passed helium leak testing), was leakage of the 
bonded 6061 aluminum boss during vessel fabrication. One pressure vessel 
liner structure was completely filament overwrapped and put in an oven for 
cure; a leak at the bonded boss developed during cure at 300°F (422°K) , caus- 
ing loss of the pressure mandrel. A second vessel was completely wrapped; at 
the completion of winding, a leak developed at the bonded boss, resulting in 
loss of this unit. Leakage during cure of the first vessel was attributed to 
weakening of the boss bonding adhesive at 300°F (422°K) . Cause of leakage of 
the second vessel is unknown; however, the possiblity of boss bond weakening 
from excessive heat during welding of fittings to the boss extensions exists. 

Based on the difficulties encountered, it was 
decided not to proceed further with work on the 1100 aluminum liner, and to 
concentrate efforts on the 6061 aluminum liner. 

b. 6061 Aluminum Liners 

Type 6061 aluminum halfshells, of 0.010-in. or 
0.254-mm membrane thickness and with 6061-0 condition in the membrane and 
6061-T6 condition in the integral boss, are shown in Figures 13 and 14. These 
shells are in the final configuration used for closure welding. 

(1) Characterization of Halfshells 


Hardness and tensile tests were conducted 
on specimens cut from 6061 aluminum liner halfshell dome and cylindrical 
sections to provide characterization of the units. The hardness tests showed 
that "T6" properties existed in the boss and that "0" properties existed in 
the membrane, as required by the liner design and as expected from the fabri- 
cation process . 


Data from the characterization are pre- 
sented in Tables 4 and 5, and shown graphically in Figure 15 for the first 
half shell evaluated.* These data show the transition from "T6" to "0" condi- 
tion at the boss -to- liner membrane juncture;** however, the distance over 
which the transition occurred was greater than desired. 


* The thin membrane in the cylinder section is due to excessive chemical 
milling of the unit. 

** For reference, the following Rockwell hardness (15T scale) is associated 
with various tempers: 48 for 6061-0; 65 for 6061-T4; and 78 for 6061-T6. 
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Another selective annealing procedure was 
used on a halfshell to reduce the transition distance for "T6" to "0". Speci- 
mens were cut from the halfshell, as shown in Figure 16, and tested. Data are 
presented in Table 6, and are shown graphically in Figure 17. The revised 
annealing procedure improved the membrane properties, and produced the most 
rapid transition of properties of any other procedure evaluated. The revised 
procedure was therefore employed in annealing halfshells for use in the liner 
assemblies . 


(2) Additional Characterization of 
6061 Aluminum Weld Joints 


A limited evaluation of simulated 6061-0 
liner weldments made by (1) butt fusion welding, (2) welding with 4043 filler 
wire, and (3) welding with 5356 filler wire was conducted for comparison with 
the extensive data (Appendix A) already developed for 6061-0 aluminum welded 
with 1100 filler wire. The 1100 filler wire had been selected earlier for 
liner welding to impart maximum ductility to the weld joint. Its use, how- 
ever, was found during fabrication of the type 1100 aluminum liners to com- 
plicate welding because of its higher melting point and low strength. Melting 
points for the alloys are given below: 


Designation Melting Range Mean 



°F 


°K 


°F 

°K 

1100 

1190 

- 1215 

917 

- 931 

1203 

924 

6061 

1080 

- 1200 

856 

- 922 

1140 

889 

4043 

1065 

- 1170 

847 

- 906 

1118 

877 

5356 

1055 

- 1180 

842 

- 911 

1118 

877 


Specimens of each type were welded, and 
tested at room temperature. Results are presented in Table 7 and shown 
graphically in Figure 18. All specimens failed in the heat affected zone or 
the weld. In welded specimens, tensile and yield strength was about the same 
for all methods evaluated. Elongation of 2-in. (5.08-cm), 1-in. (2.54-cm), 
1/2-in. (1.27-cm), and 1/4-in. (0.635-cm) gage length, respectively, was 
about the same for 6061 butt fusion welded or welded with 1100, 4043, or 5356 
weld rods. Maximum ductility was obtained with 6061 welded with 1100 filler 
with subsequent planishing; however, the increase in ductility was not great 
compared with the other methods investigated. 
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Welding evaluations of 12-in. -(30 .5-cm-) dia . 
rings showed that 4043 weld wire improved girth weld quality and ease of welding 
over the 100 filler wire. Based on these data and the difficulties previously 
encountered in welding the 1100 aluminum liners, it was decided to evaluate both 
4043 and 1100 weld wire in closure welding 6061 aluminum liner halfshells. 

(3) Liner Fabrication 

Welding of this liner presented some of the 
same problems as the 1100 aluminum liner. In the 6061 liner, the 1100 alum- 
inum filler wire used for welding of some liners was weaker than the parent 
metal. A "burn-down" flange of 6061 as well as 1100 filler metal (join con- 
figurations as depicted in Figure 12C and D) were used. The first 6061 liner 
was successfully welded, using the Figure 12C weld joint configuration, but 
was made unacceptable when chemical reagents used for copper weld joint backup 
ring removal produced a few holes through the liner membrane. Another problem 
noted was that the backup ring groove geometry was not optimum, and it was 
modified. 


After incorporation of processing changes 
that were indicated (including the Figure 12D weld joint configuration) 
another liner (A -4) was welded with 1100 filler wire. Dye penetrant inspec- 
tion showed the weld to be crack-free. Stress relief of the weld was com- 
pleted, and the weld was dressed off to minimize weld bead height. After this 
operation, two cracks were noted at and along the heat affected zone. These 
were successfully repaired; however, the repairing produced a thicker weld . 
joint than desired. The copper backup ring was removed without attack of the 
liner membrane by control of reagent concentration and reaction temperature. 
This unit was subjected to and passed helium mass spectrometer leak testing 
before filament overwinding. 


Another liner (A-3) was welded with 1100 
filler wire and processed up to helium leak testing. During the leak testing, 
small leaks (10 - ° to 10“^ scc/sec of helium) were detected at three specific 
sites in the girth weld and at one site in the membrane. These leaks were 
repair welded, the unit leak tested, and accepted for filament overwinding. 


The next 6061 liner (A-6) was welded using 
4043 weld wire. Welding was accomplished without any need of repair. This 
was the best appearing liner procured up to this time, and of much higher 
quality than liners welded with 1100 filler wire. After completion of pro- 
cessing, the liner was given helium leak testing. A single small leak was 
detected in the liner membrane which was repaired. The liner was re-leaked 
tested, accepted, and filament overwound. 


Another 6061 liner (A-5) closure welded 
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with 4043 weld wire appeared to be of as good integrity as liner A-6, passed 
helium leak tested successfully, and was overwound. 

2 . Aluminum-Lined Glass Filament -Wound Vessels 

Two wooden mandrels simulating the 1100 and 6061 liner 
assemblies were fabricated and used to develop procedures for application of 
nylon scrim cloth to the liner as part of the adhesive system between the 
liner and overwrapped glass filament composite. It was determined that a 
single piece of Type 34168-2 nylon scrim cloth could be made to conform to 
each liner head contour without wrinkling or without the necessity for cut- 
ting or tailoring it in the head section. The scrim cloth was thus applied to 
the liner in only three sections - two heads and a cylinder - thereby minim- 
izing the number of joints; the scrim cloth layer on the liner had two girth 
joints on the cylindrical section and a single longitudinal joint on the 
cylinder. Careful application of the scrim cloth resulted in joints free of 
gaps or wrinkles, with very few overlapped areas. 

The wooden mandrels were used for programming of the 
filament winding machine, and final checkout of tooling and the glass roving 
in-process resin impregnation system. Several trial windings were made on the 
wooden mandrels; to gain experience in application of the design winding 
pattern and to improve the planned sequence of operations to be followed in 
vessel fabrication. 


The filament -wound composite of two simulated vessels 
were completely wound and cured on wooden mandrels. The winding was accom- 
plished smoothly without incident in both cases. The first vessel was vacuum 
bag cured, using two layers of Dacron bleeder cloth. Inspection of this 
vessel after cure revealed a sound appearing structure, with the exception of 
some excessive stackup of winding at the bosses, and roving bridging and resin 
starvation in one local area at each boss against the liner. Resin content 
in the composite was a low 13 to 14 weight percent everywhere except near the 
boss where it was about 20 percent. In winding the second unit, resin filled 
with CAB-O-SIL to increase viscosity was locally applied by brush at the 
bosses to increase resin content there and to eliminate the resin starved 
area noted in the first simulated vessels composite. 

Aluminum- lined glass -filament-wound vessels were fabri- 
cated in accordance with the fabrication procedure given in Appendix F. 

Figures 19 to 21 show the winding patterns used in vessel fabrication, and 
Figure 22 shows a completed vessel. 

Type 6061 aluminum liner A-4 was filament-overwound and 
cured successfully, and subjected to testing. 

Two attempts were made at overwinding 6061 aluminum 
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liner A-3. On the first attempt, after it was completely overwrapped, a leak 
developed at a repair weld area near the boss and the pressure stabilized man- 
drel was lost. The area that leaked was repair welded again, the liner re- 
leak tested, and winding attempted, with leakage occurring at the start of 
winding in the same area. Both leakage failures were attributed to creation 
of a "hardpoint" at the repaired area, which probably caused fatigue of the 
liner repair from flexing as it rotated in a horizontal position during appli- 
cation of longitudinal and hoop windings . 


problem. 


Liner A-6 was filament-overwrapped and cured with no 


Liner A-5 was completely overwrapped without incident. 
However, as it was being prepared for cure, oil from the pressure mandrel was 
detected in the wound composite. The windings were carefully removed as the 
pressure level inside the mandrel was reduced, and the leakage site was found 
to be in the liner membrane at the transition between the chemically milled 
area and the area machined for the girth weld flange. Because this area was 
leaktight under the helium-mass -spectrometer-leak- test, it is believed that 
the leak must have resulted from (1) local overstress of the liner (possible 
thin spot) by the pressure mandrel, and/or (2) fatigue of the area during 
liner rotation and flexing as windings were applied to the liner. 

E. VESSEL TESTING 

Tank A-4 was subjected to a room temperature burst test using 
water as the pressurizing medium. A preliminary 200 psig (138 N/cm2) leak 
test was conducted without any evidence of leakage prior to the destructive 
test. The vessel was then pressurized at 1200 psi/min or 827 N/cm^/min 
( « 17 0 strain/min) until failure. Vessel failure, consisting of a liner leak, 
occurred at 1400 psig (965 N/crn^), compared with the design structural burst 
pressure of 3000 psig (2070 N/cm^). 

Tank A-6 was tested in the same manner as A-4, with vessel 
failure occurring at 2200 psig (1520 N/cm^) and consisting of liner leaks in 
the polar boss section. 

Post test examination of both vessels showed that liner failure 
was located in the polar boss-to-liner membrane transition area. This 
condition was believed to be associated with the liner strain magnification 
occurring in this area due to boss rigidity and glass filament -wound composite 
extensibility, as well as the transition in the aluminum liner properties 
from 6061-T6 to 6061-0. 
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F. 


EVALUATION OF RESULTS 


1 . Summary of Problems with 1100 

Aluminum Liner Fabrication 

Considerable effort was expended in attempting to obtain 
acceptable liners. Although steady improvements were made through fabrication 
process changes, review of the efforts made and results obtained indicated 
that the fabrication procedure would not produce the quality of 1100 aluminum 
liners needed without a high rejection rate. 

The primary problem was obtaining liners without cracks 
in the girth weld joint; cracking occurred both during and after half shell 
closure welding. Eight 1100 aluminum liners had to be closure welded to get 
two units with leak-tight girth welds; one of the two had no repair welds 
while the other required extensive repair welds in order to pass helium-leak 
testing. Delayed cracking of the girth weld joint was noted in some of the 
liners. The cause of the cracking was not definitely determined, but is 
believed to have been associated with (1) TIG welding of the relatively thin 
gage material, (2) excessive chill of the weld by the backup ring, (3) differ- 
ential thermal expansion of assembly components, (4) restraint of liner axial 
movement during welding and/or (5) possible contamination of the aluminum 
membrane material during polishing the liner inside surface. 

A secondary problem, uncovereu with the two liners that 
were produced with leak-tight weld joints, was leakage of the bonded boss 
during vessel fabrication. One vessel was completely wrapped over the liner 
and put in the oven for cure; a leak at the bonded boss developed during cure 
at 300°F (422°K) , causing loss of the pressure mandrel, and of the wound 
vessel. A second vessel was completely wrapped; at the completion of winding, 
a leak developed at the bonded boss, resulting in loss of this unit. 

2 . Summary of Problems With 6061 

Aluminum Liner Fabrication 


Welding of this liner presented some of the same charac- 
teristics as the 1100 aluminum liner, as well as some new problems. 

Some liners which were successfully welded were made 
unacceptable when chemical reagents used for copper backup ring removal 
produced small holes through the liner membrane. This problem was solved by 
investigation, and then control, of reagent concentration and reaction temp- 
erature . 


Type 1100 aluminum filler wire was used in initial 6061 
aluminum liner girth welded joints, to maximize weld joint ductility. How- 
ever, girth weld joint cracking, requiring extensive repairing, was encouti- 
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tered with 6061 aluminum liners welded with 1100 filler wire. The cause of 
the cracking is believed to be associated with the higher melting point of 
1100 aluminum, its lower strength, and the five factors enumerated in the pre- 
ceding section for 1100 aluminum liners. 

In the liner ha If shell, 6061-0 properties were provided 
in the membrane and 6061-T6 in the integral bosses. The transition from "T6" 
to "0" was at the boss-to-liner membrane juncture; however, the distance over 
which the transition occurred was greater than desired. 

One of the liners welded with 1100 filler wire was fila- 
ment overwrapped, cured, and tested. Failure, consisting of liner leaks at 
about one-half of design burst pressure, occurred around each of the polar 
bosses. Failures were liner fractures around the boss at the boss-to-membrane 
transition where properties changed from M T6'' to "0". 

After a mechanical property evaluation showed that 4043 
aluminum weld wire produced a weld of only slightly lower ductility than 1100 
weld wire, and offered the possibility of improved quality and ease of welding 
compared with the 1100 filler wire, it was used for liner welding. Liners 
welded with the 4043 weld wire were of improved quality with the weld gener- 
ally free of cracks and leak-tight; weld bead size was more uniform and 
smaller than with 1100 filler wire because the need for repair welding was 
essentially eliminated. 

One of the liners welded with 4043 filler wire was fila- 
ment overwrapped, cured, and tested. Failure, consisting of leaks at about 
three-quarters of design burst pressure, occurred around each of the polar 
bosses. Examination of the vessel after test showed that fractures occurred 
at the boss-to-membrane transition (as for the 6061 liner welded with 1100 
filler wire); no failure at the girth weld was evident. 

3 . Conclusions and Recommendations 

a. Liner Material 

Parent metal test data at ambient to LH 2 temper- 
ature showed that 1100 aluminum has 50 to 100% greater uniaxial ductility 
capability than 6061-0 aluminum; Type 1100 aluminum weldments have higher 
ductilities than 6061-0 aluminum weldments (welded with 1100 aluminum filler 
wire). The increased ductility for 1100 aluminum indicated that this material 
has the properties necessary for metal liners of glass filament -wound vessels 
to operate at ambient to LH 2 temperatures. The need for maximum biaxial 
ductility in the metal sealant liners and the excellent properties demonstra- 
ted by 1100 aluminum in comparison with 6061-0 aluminum, lead to selection of 
1100 aluminum for the remainder of liner work under the program. 
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b. Revisions to 1100 Aluminum Liner 

Fabrication Processes and Boss Design 

The use of the electron-beam (EB) welding method 
would provide considerably less heat input during welding, would be completely 
automatic, and would be conducted in a vacuum, all of which were anticipated 
to eliminate or greatly reduce the problems encountered in TIG welding. Feas- 
ibility was demonstrated by successfully preparing flat butt welded specimens 
of 1100 aluminum ranging from 0.010 to 0 .063-in. -(0 .254-mm to 1.600-mm-) 
thickness, as were specimens of 0 .010-in. -(0 .254-mm-) thickness with 0.050 x 
0.050-in. (1.27 x 1.27-mm) and 0.035 x 0.040-in. (0.889 x 1.016-mm) flanges at 
the weld joint. Based on these successful results, 12-in. -(30. 5-cm-) dia. 
circular rings of 0 . 010-in. -(0 .254-mm-) thickness with 0.032 x 0. 032-in. 

(0.813 x 0.813-mm) flanges were prepared; EB welding of this configuration was 
completely successful, with no weld cracking, and a relatively small resultant 
weld bead on inner and outer joint surfaces. From this work EB welding was 
recommended for the additional efforts in liner fabrication. 

Elimination of the adhesive bonded joint at the 
boss -to -membrane transition was also recommended; instead, a mechanical joint, 
welded to insure impermeability, should be employed. Welds should be pro- 
vided in a noncritical region of the boss -to -membrane transition (if possible) 
to eliminate possible leak paths. Because of the critical nature of the boss- 
to-liner transition in metal-lined glass -filament -wound vessels, the mismatch 
of deflections, and the strain magnifications known to exist in this region 
due to the rigidity of the boss designs employed thus far and the extensi- 
bility of the filament -wound composite on top of the boss, detailed structural 
analysis of this region of the pressure vessel should be conducted. 

c. Plan for Design, Fabrication, and 

Testing of Improved Vessel Configurations 

It was concluded and recommended that the program 
effort should be concentrated to accomplish the following: 

$ Development of a structural analysis of the 
boss region of glass -filament -wound pressure 
vessel domes, and redesign of liner bosses of 
the a luminum- lined glass-filament-wound tanks 
being evaluated in the program. 

# Development of electron-beam welding pro- 
cedures for 12-in. -(30. 5-cm-) dia. by 18-in. 
-(45.7-cm-) long 1100 aluminum liners of 
0 .010-in. -(0. 254-mm-) thickness. 
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0 Evaluation of two designs (different bosses) 
for the 1100 aluminum- lined glass-filament- 
wound vessels by fabrication of three vessels 
of each type, and ambient temperature testing 
of them in burst and fatigue tests. 

# Fabrication and testing of additional vessels 
of the best design in cyclic fatigue and 
burst tests at ambient, LN 2 , and LH 2 temper- 
atures . 
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III. DESIGN, FABRICATION. AND TESTING OF IMPROVED 
VESSEL CONFIGURATIONS 


A. DESIGN 

Structural analysis of the boss sections of metal-lined glass - 
filament -wound pressure vessel domes was conducted to establish redesigns of 
the liner bosses and the boss-to-liner transition. The purpose of this work 
was to minimize strain magnifications known to exist in this vessel region due 
to the previously used rigid boss designs and the extensibility of the glass- 
filament -wound composite on top of the bosses. Design criteria for the 
vessel, and filament -wound composite details were as described in Section II, 
except that 1100 aluminum was the single liner membrane material considered. 

The work involved dome characterization in the vicinity of the 
polar bosses; development and evaluation of improved boss design concepts; 
and review and selection of two configurations for detailed design and 
analysis. These two new detailed boss designs were then incorporated into the 
previously developed vessel configurations to result in two complete vessel 
designs for fabrication and evaluation. 

The detailed results of the study were published as an interim 
report issued under the contract entitled Analysis of Filament -Wound Dome and 
Polar Boss of Metal-Lined Glass -Filament -Wound Vessels (Reference 27) . The 
results are summarized briefly below. 

1. Dome Characteristics 


A method was developed for analysis and detailed inves- 
tigation of the dome ends of metal-lined glass-filament-wound vessels in the 
vicinity of an axially located polar boss, representing an extension and 
supplement to the methods generally used for membrane analysis of filament- 
wound composite pressure-vessel shells (domes and cylinder) , and for discon- 
tinuity analysis of the dome-to-cylinder juncture. 

The analytical method was developed for and applied to 
the specific pressure-vessel design configuration of interest: a 12-in. - 

(30.5-cm-) dia . by 18-in. -(45 .7-cm-) long closed-end, cylindrical, glass- 
filament -wound vessel lined with 0 .010-in. - (0 .254-mm-) thick aluminum, with 
aluminum polar bosses with diameters equal to 10% of the vessel diameter 
located axially on each dome end, designed for a burst pressure of 3000 psi 
(2070 N/cm 2 ) at 75°F (297°K) . 

The metal-lined glass -filament-wound vessel domes were 
characterized when subjected to internal pressure and boss reaction loads 
with emphasis on the axial polar boss regions. The meridional wrap angle as 
a function of radial distances was determined; most of the vessel head had 
longitudinal wrap angles less than 20 degrees (0.35 rad). Hoop radius of 
curvature and filament -wound composite thickness were determined as a 
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function of wrap angle. Elastic properties, deflections, rotations, and 
strains were found by orthotropic analysis and netting analysis. 

It was from orthotropic analysis that the glass -filament- 
wound dome had an increasing strain up the dome; at the point where the metal 
liner-to-boss transition would be located, the strain was 117, greater than at 
the equator. The maximum meridional strain occurred on top of where the boss 
would be located and was 507, greater than at the equator. 

Netting analysis resulted in essentially constant 
meridional strain up the dome. 

Although radial deflection could be computed easily, the 
deflection in an orthogonal direction was needed to locate the deflected point 
in space; the equations governing this orthogonal deflection required extens- 
ive numerical solution. Instead, empirical data on dome deflections were 
reviewed. It was determined that, for glass -filament-wound vessels, two zones 
of approximately linear load vs deflection exist due to the departure from 
orthotropic properties with increasing strain. Above the transition load 
(approximately 257, of ultimate) where crazing initiates, the deformation 
behaves as predicted by netting analysis. Above the crazing threshold, 
deflections of points on the domes were essentially normal to the unpressur- 
ized surface. Based on this, it was determined that the netting analysis 
should be used for glass -filament -wound vessels for establishing strains, 
stresses, and deflections. 

In the area of the dome immediately adjacent to the boss, 
the composite thickness increases rapidly, and discontinuity forces and 
moments exist here due to changes in section properties and curvature, necess- 
itating a discontinuity analysis of the section. The discontinuity analysis 
analyzed the filament -wound composite buildup at the boss as a ring-plate and 
accounted for the flange bearing loads (distributed or concentrated) of a 
free-floating boss. Ring loads, deflections, and rotations were determined. 
The results were almost independent of the theory used to establish elastic 
properties. Radial deflection at the composite ring -plate -to -membrane junc- 
ture was independent of the type of flange bearing load (distributed or con- 
centrated) and its position, but rotation was strongly influenced by the 
magnitude and point of load application. For example, at the vessel design 
burst pressure, the radial deflection was 0.040 in. or 0.102 cm (i.e., the 
"slip" between the free-floating boss flange and composite ring-plate is 
0.040 in. or 0.102 cm); the rotation of the composite section at the junction 
ranged from 1.5 to 3° (0.026 to 0.052 rad) depending on location of the bear- 
ing load. Since results of the discontinuity analysis were independent of 
theory used to establish elastic properties, it was concluded that netting 
theory properties are sufficient for establishing vessel designs. 
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2 . 


Polar Boss Design Concepts 


The various polar boss configurations for glass filament- 
wound metal-lined vessels considered during the study are shown schematically 
in Figure 22. The schematics indicate regions of the liner estimated to be in 
the elastic or plastic ranges. Areas of possible debonding caused by deflec- 
tion and rotation of the composite on top of the boss are indicated. Config- 
urations 4 and 12 of Figure 22 were selected for detailed design. Configur- 
ation 4, the matched rotation flange boss, incorporates a high strength alum- 
inum alloy boss with flange taper to the 1100 aluminum membrane to permit 
equal rotation of the filament -wound composite and boss flange, and to uni- 
formily distribute the boss reaction load. Mismatch of radial deflections 
could cause debonding as shown in Figure 22; plastic-to-elastic condition 
occurs in the transition area. This design is subsequently referred to as the 
"butt-welded-boss" liner. 

In Configuration 12, the plastic spring boss, pressure in 
the vessel is used to expand the 1100 aluminum liner past yield plastically 
against the opening in the filament -wound composite dome. The liner is flex- 
ible up to the opening and in the opening, and thickens as it exits from the 
opening in the filament-wound composite. A slip surface is provided on the 
other high strength aluminum alloy boss member which takes out the boss 
reaction load. Another schematic of this configuration is shown in Figure 24, 
depicting its operation. Enough flexibility is provided to accomodate fila- 
ment-wound composite deflection. Pressure acts to form the liner and reduce 
bond stresses. This configuration is subsequently called the "hinged boss" 
liner. 


3 . Vessel Designs 

Detailed structural analyses and designs for the two 
selected metal polar bosses are given in Reference 27. Basic features of the 
hinged boss are shown in Figure 25 and of the butt welded boss in Figure 26. 
In both designs, 2219 aluminum alloy is utilized for portions of the boss 
requiring high strength, and 1100 aluminum is utilized for the liner itself. 
These two boss designs were incorporated into the membrane analysis pressure 
vessel designs previously established during the work described in Section II 
The aluminum liner with hinged boss is shown in Figure 27, the aluminum liner 
with butt welded boss in Figure 28, and the complete aluminum- lined glass- 
filament-wound vessel in Figure 29. 

B . FABRICATION 

1 . Electron-Beam Weld Schedule Development 

Evaluation of EB weldments of 1100-0 aluminum was made. 
Flat panels were prepared by welding together two sheets of 0. 010-in, - 
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(0 .254-mm-) thick aluminum with 0.025 x 0.025-in. (0.635 x 0.635-mm) flanges 
at the mating edges. Test specimens were prepared by shearing and machining 
standard tensile coupons from the flat panels. The welds of some test speci- 
mens were worked down after welding while others were left as welded. Test 
data are summarized in Table 8, where tensile strength, yield strength, and 
elongation in 2 , 1, 1/2, and 1/4 inch (5.08, 2.54, 1.27, and 0.635 cm) are 
shown. Most specimens failed in the parent metal with high ductilities, and 
the data compare favorably with information developed previously under the 
program. 

Full diameter aluminum rings of l2-in.-(30.5-cm-) dia. 
and 0 .010-in. -(0 .254-mm-) thickness with 0.032 x 0.032-in. (0.813 x 0.813-mm) 
flanges were girth EB-welded with no weld cracking and a relatively small 
resultant weld bead on inner and outer joint surfaces. 

Additional sets of 12-in. -(30. 5-cm-) dia. weld specimens 
were made based on a butt girth weld joint configuration 0 .025-in. -(0 . 145-mm-) 
thick. This joint configuration was selected based on previous EB-weld eval- 
uation of flat specimens which showed that quality butt welds could be pro- 
duced in the 0 .025-in. -(0 . 145-mra-) thick material. The girth weld joint used 
was 0 .025-in. -(0 . 145-mm-) thick over a total length of 0.40-in. (1.016-cm), 
which then tapered down on each side over a length of 0.75-in. (1.905-cm), to 
the liner membrane thickness of 0.010-in. (0. 254-mm). Each set of girth weld 
simulators was assembled over an inner copper backup ring support. The spec- 
imens had very uniform thicknesses and diameters and we obtained a butt joint 
with only slight gapping, (less than 0.002-in. or 0.051-mm) within the toler- 
ances permissible for EB-welding of 0 .025-in. -(0 . 145-mm-) thick material. 

The specimens were successfully welded, and had narrow 
heat affected zones, little weld bead on inner and outer surfaces, and 
absence of cracking (as determined from dye penetrant and x-ray film) . As a 
result of the work, an acceptable weld joint configuration and weld schedule 
(voltage, amperage, focus current, and speed) for welding of the 12-in.- 
(30. 5-cm-) dia. by 18-in. -(45 . 7-cm-) long aluminum liners was developed. 

Trial EB-welds were also successfully prepared to simu- 
late welding the 2219 aluminum of the bosses to the 1100 aluminum of the 
liner membrane. 

2 . Liner Mechanical Testing 

Tests were conducted at ambient temperature on EB-welded 
specimens of 2219-T62 to 1100 aluminum with welds running both longitudinally 
and transversely along the specimens. The results are given in Tables 9 and 
10 . 


For specimens with welds running longitudinally, failure 
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always initiated in the 2219 aluminum, and then propagated across the weld into 
the 1100 aluminum. For the transverse welded samples, failure always initia- 
ted in the 1100 aluminum in the heat affected zone. 

3 . Liner and Vessel Fabrication 

Fabrication process procedures developed and used in draw 
formed, machined, chemically milled, and EB-welded liner manufacture are pre- 
sented in Appendix G. The filament -winding procedure used in overwinding the 
aluminum liners to produce vessels is given in Appendix F. Figures 30 to 42 
show the typical fabrication sequence for the hinged-boss configuration liners 
and filament -wound vessels; procedures used for the butt-welded-boss config- 
uration liners and vessels were similar. Three vessels of each of the two 
configurations were fabricated, and the fabrication data are summarized in 
Table 11. 


a. Vessels With Butt Welded 

Boss (BWB) Liners 

(1) Fabrication of Initial Liner 


Assembly of the liners required EB-welding 
of a boss to each of the liner halfshells , and girth EB-welding the halfshells 
together, using a copper backup ring at the girth weld to assure proper fitup 
and alignment. Welding of an initial liner was initiated. Both boss welds 
required re-welding several times in order to fuse small cracks generated 
during the first penetration pass. The cracks were successfully fused but 
some buckling of the thin liner occurred during the multiple passing. As a 
result one weld suffered one burn-through hole and the other had two. The 
holes were repaired with a manual TIG weld using 1100 aluminum filler wire 
and re-welded in the electron-beam machine with the head well-clamped in a 
heat-sink fixture. No further hole burning in the boss welds was encountered. 
The girth EB-weld of this liner assembly resulted in two burn-through holes 
about 90° (1.57 rad) apart on the cleaning pass and a third one near the 
second hole, during the penetrating pass, possibly a result of slight mis- 
match or gap at the girth weld. The holes were manually TIG-repaired with 
1100 aluminum filler wire and an Argon backup, and then re-welded with EB 
locally, taking several passes to smooth out the repaired area, before the 
weld was judged to be acceptable. After completion of liner assembly welding, 
the copper backup ring inside the liner was removed by nitric acid etching. 

The liner was then x-rayed and the liner leak tested. In the soap bubble leak 
test that preceded the planned helium leak test, several liner leaks were 
found in the membrane area. The situation was reviewed with the liner com- 
ponent and copper ring removal vendor, who accepted blame for the deficiency, 
and replaced the liner components at no additional cost to the program. 
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(2) Vessel BWB-1 


One of the boss welds showed a small crack 
after the first penetration pass. A second pass fused the crack and both boss 
welds were accepted to the dye penetrant and x-ray inspection requirements. 

The girth weld did not seal over a 3/4-in. - 
(1.9-cm-) long slight mismatch area on the first EB sealing pass. This area 
was filled with 1100 aluminum and locally sealed with the EB. On the subse- 
quent EB full penetration pass, two burn-through holes about 1/2-in. -(1.3-cm-) 
long occurred. Filler metal was added here, and the burned-through areas were 
successfully sealed with full penetration EB passes. 

Because of the leaks noted on the initial 
liner fabricated, liner BWB-1 was soap-bubble tested with no indication of 
leaks prior to nitric acid etch removal of the copper girth weld backup ring. 
The backup ring was then removed by etching, and the liner weld x-rayed. Two 
spherical porosities in a repair area of 0 .010-in. -(0.254-mm-) dia. and 0.020- 
in. -(0 .508 -mm-) dia. located 0. 200-in. -(0.508-cm-) apart were noted and acceput- 
The liner was accepted for further processing and helium leak tested. 

The liner was assembled in a vacuum chamber 
and subjected to a helium mass spectrometer leak test, which the liner suc- 
cessfully passed. However, due to operator error, the liner was accidently 
overpressurized beyond its yield point. Although some plastic deformation 
occurred, inspection of the leak-tight liner resulted in a decision to use it 
for filament-winding a pressure vessel for burst testing. Corrective action 
was taken to preclude overpressurization of future liners. 

Vessel overwinding and curing was accom- 
plished in accordance with the procedures of Appendix F without difficulty; 
operations consisted of cleaning and priming the liner, applying adhesive 
coated nylon scrim cloth to the liner, followed by overwinding with longi- 
tudinal and circumferential patterns of resin impregnated glass roving and 
resin curing. 


(3) Vessel BWB-2 


The first boss weld was completed with one 
cleaning and one penetration pass without incident. The second weld showed a 
large crack in the middle of the weld which required about six additional 
passes to obtain complete fusion. The cracking of this weld is believed to be 
inherent in the nature of the restrained joint and since multiple electron- 
beam fusing can be used to close the crack, no attempts at corrective action 
were taken. 


During seal welding of the girth joint. 
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one area did not seal. It was filled with 1100 aluminum, and successfully 
sealed. In the penetration pass, two holes occurred, which were sealed by 
manual TIG welding with 1100 aluminum filler wire and argon backup. This 
liner then passed a soap bubble leak test and the copper backup ring was 
removed. 


X-ray of the girth weld joint revealed 
several small porosities in the TIG repaired areas. The liner was accepted 
for further processing, and successfully passed a helium mass spectrometer 
leak test. The vessel was overwrapped without problems. 

(4) Vessel BWB-3 

The liner assembly and aluminum- lined glass 
filament -wound vessel were fabricated without problems. 

b. Vessels With Hinged Boss (HB) Liners 

Liner welding and filament overwinding to produce 
vessels HB-1, HB-2, and HB-3 was accomplished without particular problems, 
except the one described below, because the processing was similar to that 
previously developed and optimized for the vessels with butt welded boss 
liners . 

In fabrication of the first two units of the 
hinged boss configuration, the first attempts to remove the copper backup ring 
by nitric acid etching did not completely remove the copper. The liners were 
further processed to remove all the copper. In leak testing, it was found 
that the two liners had pin-hole leaks in the membrane. Failure analysis 
revealed that the cause of the pin holes was that both of the tanks were sub- 
merged in tap water overnight in an attempt to completely rinse the etching 
fluid from the entrapped area of the boss joints (this procedure had not been 
used for previous liner assemblies in which the copper backup rings had been 
removed without incident). This extended exposure to tap water caused 
corrosion and pitting of the liners. Corrective action, consisting of rinsing 
the liner with deionized water rather than prolonged submergence in tap water, 
was instituted for subsequent liner assemblies. Components for the defective 
liners were replaced, and liner assemblies were fabricated free of pin holes 
which passed the helium leak testing. 

C . TESTING 

1 . Test Plan, Facility, and Instrumentation 

a. Test Plan 

Three vessels each of the two designs were sub- 
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jected to design verification tests at ambient temperature. For each design, 
one vessel was burst tested at ambient temperature and one at liquid nitrogen 
temperature, and one additional vessel fatigue cycled at ambient temperature 
between 0 and 607 o of original burst strength. 

For burst tests and cyclic fatigue tests, a rate 
of pressurization that produced a strain of approximately 1%/minute in the 
longitudinal and circumferential directions was used. 

Each vessel was equipped with extensometers for 
strain measurement and thermocouples for measurement of cryogenic temper- 
atures. Data were recorded continuously during testing on internal pressure, 
exterior-surface temperature (cryogenic tests only), and deflection vs pres- 
sure relationships at three points distributed to provide hoop and longitud- 
inal strains. One set of hoop-strain measurements was made at the vessel 
cylindrical-section center, and two sets of axial-strain measurements were 
made along the cylinder section. 

b. Test Facility 

Liquid nitrogen (L^) was used to pressurize the 
vessels for the (-320°F or 77°K) tests, with the pressurization rate regulated 
by gas -controlled valves. Inhibited water was used for pressurization in the 
room- temperature tests. The cryogenic-test facility is shown schematically 
on Figure 43. The test fixture (Figure 44) consisted of a vacuum chamber with 
provisions for instrument leads and vacuum- jacketed pressurization lines. The 
chamber interior and exterior were coated with aluminum paint, and a layer of 
aluminum foil was installed inside to provide additional insulation. 

To aid in maintaining minimum test temperatures, 
the vessels installed in the vacuum chamber were equipped with external cool- 
ing coils through which liquid nitrogen was flowed at essentially atmospheric 
pressure. A cylinder of ref lective- type insulation was used around the 
exterior cooling coils. The vacuum chamber was pumped down to 4 x 10~^mm Hg 
(5.3 cN/m^) to assure the required temperatures. The tank temperatures were 
maintained as low as possible, and thermal equilibrium was obtained before 
testing was initiated. Thermal equilibrium for the liquid nitrogen testing 
was defined as a vessel flange or skin temperature of -300°F (89°K) , or less, 
with -310°F (83°K) , or less, at the vessel outlet vent line. 

c. Instrumentation 

Temperatures, longitudinal and circumferential 
strains, and internal pressures were monitored throughout testing; Figure 45 
shows the instrument locations. 

The electronic and digital equipment used for 
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these measurements was calibrated periodically, against standards traceable 
to the National Bureau of Standards. 

Platinum resistance thermometers and copper-con- 
stantan thermocouples were used in the LN 2 tests. The measurements were made 
on the exterior surface near the tangency at one end of the tank. In addi- 
tion, the temperatures of the cryogenic fluids inside and outside the tank 
were recorded. 

The Aerojet-developed "bow-tie" extensometers were 
used to make strain measurements. They consist of a piece of beryllium-copper 
sheet in a configuration that provides two cantilever beams fitted with bonded 
strain gages. Metal-foil strip, approximately 0.25 in. (0.63 cm) wide., was 
used to link the beam ends to the gage-length end points. Both the extenso- 
meters and the foil strips were positioned against the test-vessel surface. 

For girth (hoop) measurements, the thin metal 
strip was placed around the cylinder and secured to opposite ends of the 
extensometer ; circumferential deflection resulted in a proportional output of 
the gages on the cantilever beams. For longitudinal-deflection measurements, 
metal strips were affixed to instrumentation-pin terminals wound into the tank 
near the ends of the cylindrical section. The strips were run along the 
cylinder longitudinally toward its center; the cantilever-beam ends were con- 
nected to the ends of the strips at the midsection of the tank. A longitud- 
inal deflection produced a proportional strain-gage output. 

The accuracy of the strain gages depends on the 
gage factor, which is extremely sensitive to cryogenic-temperature variations. 
To provide the required accuracy, the concept of control led -temperature strain 
transduction was employed: Heaters were provided to maintain the gage temp- 

eratures within their compensation range, and a sensor was added to record the 
vessel-surface temperature in the vicinity of the extensometer. This sensor 
was used to verify that the heat input to the extensometer did not warm the 
tank surface in the region of the transducer. Thermal insulation was used 
under the heated extensometers to minimize heat transfer to the vessel. The 
test data showed that no significant vessel warming was produced. 

Before testing, each extensometer was installed on 
the vessel and shunt calibrated under ambient conditions throughout its anti- 
cipated range of deflection. The gage factors did not vary under cryogenic 
conditions, because the heaters kept the gages essentially at the ambient 
temperature; monitoring during the cryogenic tests revealed that the gages 
were usually maintained at 75 + 20°F (297 + 11°K) . Because the gage factor 
varies only 1 % per 100°F (56°K) change in the 75°F (297°K) range, there was 
negligible loss in accuracy. 

To calibrate for longitudinal displacements, the 
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distance between the bow-tie attachment points or terminals (L 2 ) was care- 
fully measured. The instrument and its metal-strip extensions were then 
stretched to the maximum expected deflection, using accurately determined 
positions (Al^) . The strain was calculated as AL 2 /L 2 to indicate the total 
between the two attachment points. To calibrate the girth extensometer , the 
tank circumference (L^) was measured and the bow-tie attachment band was moved 
to produce the maximum expected deflection (aLj_). The girth strain was cal- 
culated as ALi/L^. Calibration was performed under ambient conditions, and a 
shift in the zero point occurred due to thermal contraction when the tank was 
cooled to cryogenic levels. To correct for this shift it was only necessary 
to reset the recorder to zero, because the repeatability under ambient con- 
ditions was essentially linear and the heaters maintained ambient temperatures. 

2 . Test Results 

Test results at ambient and liquid nitrogen temperatures 
are summarized in Tables 12 and 13. The tables indicate the type of test each 
vessel was given, the test temperature, the load level used for fatigue load- 
ing, the pressure cycles achieved, the burst pressures, the modes of failure, 
filament ultimate stresses and strains, and pertinent remarks. Comments on 
the individual vessel tests, amplifying data given in the tables and figures 
are given below. 


a. Butt-Welded Boss Liner Configuration Vessels 
(1) Room Temperature Burst Test 

Vessel BWB-1 was installed in a test 

stand, instrumented with longitudinal and circumferential extensometers , and 
pressurized to its burst point using a 1%/minute strain rate. Failure 
occurred at 2983 psig (2057 N/cm^), or 98.7% of the nominal design burst 
pressure of 3000 psi (2070 N/cm^). The vessel, after testing, is shown in 
Figure 46. The failure consisted of an energetic failure of the glass hoop 
windings at the midpoint of the cylinder section. The hoop windings failed 
from the cylinder midpoint to within two inches of the head-to-cylinder junc- 
ture at each end of the vessel. The longitudinal windings and liner also 
ruptured. Breaks in the liner were oriented longitudinally across the weld. 
Visual inspection of the vessel interior revealed good bonding of the liner to 
the filament -wound composite and no apparent cracks at the boss welds. 

The pressure vs strain data obtained from 
the test are shown in Figure 47, as well as the design ultimate pressure vs 
strain points. Longitudinal strain measurements were determined by measuring 
deflection along the length of the vessel cylinder section. Hoop strain 
measurements were calculated from circumferential deflections of the vessel. 

In addition to one set of measurements at the cylinder midsection, additional 
sets of data were taken at each cylinder end. The pressure-strain data were 
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uniform and close to the design values. Hoop filament stress at failure was 
383 000 psi (264 000 N/cm 2 ). 

Sections were cut from the vessel, and 
examinations made of all weld areas. X-ray and dye penetrant inspection 
showed that no cracks or other metal flaws had been produced in the girth or 
boss welds by the burst test. Macrographic inspection of sections cut from 
the vessel at the polar boss did reveal that local plastic deformation and 
necking occurred in the 1100 aluminum about 0.050-0.070-in. (0 . 127-0 . 178-cm) 
from the 2219 aluminum to 1100-aluminum liner -membrane welds (see Figure 48). 
This necking appeared to circumscribe the vessel bosses. The boss welds were 
sound and had a uniform cross-section without undercut or other stress con- 
centrating configurational features. The bond between the filament -wound com 
posite and liner appeared to be intact without any voids between the opening 
in the filament-wound composite and the boss body protruding from the fila- 
ment-wound composite. 


Examination of the section cut from the 
vessel showed that the metal bosses had a tendency to be pushed inward during 
fabrication (filament-overwrapping of the pressure-stabilized thin aluminum 
liner) due to design features of the winding shaft which let the boss-to-boss 
length "float" rather than be fixed. 

(2) Room Temperature Cyclic Fatigue Test 

Vessel BWB-2 was pressure cycled at 

between 0 and 60% of design burst (1800 psig or 1240 N/cm 2 ) until failure 
occurred after 25 pressure cycles. The vessel failure consisted of a leak, 
and appeared to be located at one of the vessel bosses. 

Pressure vs strain data for the test are 
shown in Figure 49 for cycles number 1, 2, 10, 20, and 23. There was a small 
amount of permanent set after the first cycle which did not increase with 
additional cycling. Strains were uniform and close to design values. 

Sections were cut from the vessel, and the 
vessel was inspected in the same manner as vessel BWB-1. X-ray inspection 
indicated one crack approximately 1/2-in. -(1.27-cm-) long at one of the bosses 
on the outer edge of the weld, and two cracks approximately 1-in. -(2 . 54-cm-) 
long 180° (3.14 rad) apart at the edge of the boss weld on the end of the 
tank which leaked during test. Exact location of the crack relative to the 
weld was not possible (i.e., in weld, heat affected zone, parent metal). Dye 
penetrant inspection revealed only one 1/2-in. (1.27-cm) crack (on the end 
that had two crack indications by x-ray examination) . 

Visual examination showed small, smooth 
liner buckles at some local points around the bosses in the 1100 aluminum 
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Examination of microphotographs revealed; 

• Cold work flow lines into the failure area. 

• Wide cracks relative to their depth in the 
failure area which would make the detection 
of the failure initiation by dye penetrant 
methods quite insensitive. 

• Through-wall liner failure in the 1100 
aluminum approximately 0.055-in. (0.140- 
cm) from the weld joining the liner to the 
boss . 

• That apparently both tensile and compres- 
sive yielding had occurred in the 1100 
aluminum. 


# The weld was sound and had a uniform cross 
section without undercut or other s tress - 
concentrating features . 

# No cracking in the weld of the 2219 alum- 
inum boss material. 

# That liner thickness were: 


Weld 


0.041-0.035-in. 
(0.104-0. 089 -cm) 


2219 Aluminum at Weld 0.0375-in. 

(0.095-cm) 

1100 Aluminum at Necking 0.02 19 -in. 

(0 .056-cm) 


1100 Aluminum at Parent 0.0422 -in. 
Metal Bulge (0.107-cm) 


(3) Liquid Nitrogen Burst Test 

This test was conducted by positioning 

vessel BWB-3 in the cryogenic test vacuum chamber, cooling the vessel down to 
-320°F (77°K) by filling it with LN 2 while maintaining a high vacuum extern- 
ally, and pressurizing the vessel to its burst point with LN 2 . 


The vessel failed at a pressure of 2570 
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liner away from and around the 2219 aluminum boss. Macrographic inspection of 
sections cut from the boss area of the tank revealed the following: 

0 The failure sites (breaks through liner) 
were located where buckling of the 1100 
aluminum liner had not occurred (see 
Figure 50) . In an area approximately 
3/4-in. -(1.9 -cm-) long, where buckling of 
the liner had occurred, the localized thin- 
ning was much less pronounced than as noted 
at the failures, as can be seen from 
Figure 51. Local thinning is shown in 
Figures 52 and 53. "Oilcanning" had appar- 
ently reduced the tendency to highly local- 
ized strain. 

• Difficulty in interpreting the radiographic 
inspection where the cracks occurred was 
due to compressive yielding of the 1100 
aluminum liner which produced thicker 
material on the outside of the cracks 
(shown in Figure 54) . The greater thick- 
ness occurring in a uniform circular con- 
figuration made it appear on the x-ray 
film to be weld edge, although it was 
actually deformed parent material. 

• As was the case for vessel BWB-1, the 
bosses had a tendency to be pushed inward 
during filament overwinding of the liner. 

0 Voids existed between the 2219 boss and the 
filament -winding around it. The bond be- 
tween the f i lame nt -wound composite and the 
boss appeared to be broken between the boss 
body and the area of high plastic deform- 
ation and necking. 

Microhardness traverse of the boss region 
sections cut from the vessel (1) confirmed the localized work hardening which 
occurred in the failure area; (2) indicated that alloying between 1100 alum- 
inum and 2219 aluminum occurred during the EB-welding producing greater hard- 
ness and strength in the weld than the 1100 aluminum parent metal; and (3) 
indicated that the heat affected zone extended approximately 0.080-in. (0.203- 
cm) into the 2219 aluminum (from the weld edge). The EB-weld joint is shown 
in Figure 55. Data from the microhardness traverse are presented in Table 14 
and plotted in Figure 56. 
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psig (1770 N/cm?) when pressure could no longer be increased due to leakage 
through the liner in the head region. Test vessel skin temperature at the 
start of the burst test was -314°F (81°K) and -300°F (89°K) at the vessel 
burst point. 


Pressure vs strain data from the test are 
given in Figure 57. The hoop-strain data became inconsistent with design 
predictions when pressure increased over 1500 psig (1030 N/cn£). Test records 
indicated that some vacuum loss occurred in the test chamber at 1200 psig 
(830 N/cm?) and above (perhaps due to some minor leakage through the liner at 
its eventual failure site) • 


Post-test metallurgical examination showed 
that one boss weld had cracked almost all of the way around. Figure 58 shows 
the failure. The crack was located partially in the 2219 aluminum alloy boss 
and partially in the fusion zone itself. Figure 59 shows a hot tearing of 
the weld on the 2219 aluminum side during weld-metal solidification and 
Figure 60 shows hot tears in the weld on the 1100 aluminum side. The tears 
are probably due to excessive restraint of the boss -weld configuration and the 
cumulative shrinkage resulting from multiple weld passes required to complete 
this particular weldment. 


The other boss failed in the 1100 metal 
adjacent to the weld. Figure 61 shows a section of the joint, exhibiting a 
neck-down resulting from a strain magnification which occurs between the soft 
ductile 1100 aluminum liner and the high-strength non-yielding 2219 boss*. 
Figure 62 shows the same view at higher magnification*. Figure 63 shows the 
2219 side of the same section and exhibits a slight tearing of the 2219 near 
the weld. The tearing is believed to be the result of localized stress con- 
centrations occurring during welding. Both the thinning of the 1100 alloy and 
the hot-tearing of the 2219 alloy and the weld metal are believed to be inher- 
ent in the combination of materials, processes, and weld joint. 

The aluminum liner had an area of damage in 
one half shell, due to mishandling (dropping) of it during an x-ray operation. 
Also, one of the heads had significant buckling in it as a result of several 
boss reweld operations required to obtain an acceptable weld; both of these 
areas were hand-straightened prior to girth welding. 

The liner membrane areas of each head which 
were buckled due to mishandling on one end and multiple welding on the other 
showed no evidence of failure at the ultimate pressure. It is possible, how- 
ever, that the hand-straightening of the dent in the dropped unit was contrib- 


* In Figures 61 and 62, the broken pieces were placed together for the photo- 
graph, causing overlap of the necked-down sections of the liner in the frac- 
ture area. 
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utory to the highly localized stress in the boss weld, which finally failed in 
thinning . 


b. Hinged-Boss Liner Configuration Vessels 
( 1) Room Temperature Burst Test 

Vessel HB-2 was pressurized to its burst 
point of 3003 psig (2071 N/cn£) using a 1%/minute strain rate. The massive 
failure occurred in the longitudinal filaments in the head of the vessel, 
appearing to originate at the axial polar boss; the head of the vessel opened 
up like a "flower" as it failed at the burst pressure (see Figure 64). 


The nominal design burst pressure for the 
vessel is 3000 psig (2069 N/cm^) and the result is almost identical to the 
burst pressure of 2983 psig (2057 N/cm^) obtained from the ambient temperature 
test of the butt-welded boss liner configuration vessel. Pressure vs strain 
data from the test are presented in Figure 65. The data are uniform and quite 
close to the values predicted from the design analysis. Hoop filament stress 
at vessel burst was 375 000 psi (259 000 N/cm^) . 


Figures 66 and 67 exhibit cross sections of 
the hinged-joint bosses. Figure 66, showing the boss from the vessel dome 
where the failure was located, indicates no thinning of the liner section as 
a result of the working of the hinged- joint . The bending of the 2219 alumin- 
um collar further exhibits that the hinged- joint functioned as designed. 

Figure 67, from the vessel dome that did not fail at 3003 psig (2071 N/cm^) , 
shows more of the spring action and a slight thinning of the 1100 membrane in 
the head section adjacent to the boss flange. Another area of thinning (not 
shown in Figure 67) occurred just outboard of the flange and spread over an 
annular distance about l/4-inch-(0 ,64-cm-) wide around the flange. It 
appears that the hinged- joint distributed the strain over a much wider area 
than experienced with the butt-welded bosses. 


In all regions of the vessel interior not 
damaged as a result of the test, the liner appeared to be well bonded to the 
filament -wound composite tank wall. Liner HB-2 met the design requirements 
of an ambient single-cycle burst pressure of 3000 psig (2069 N /cur) without 
any evidence of liner failure prior to failure of the glass -filament -wound 
composite. 

(2) Room Temperature Cyclic Fatigue Test 

Test vessel HB-3, instrumented with longi- 
tudinal and hoop strain measurement extensometers , was pressure cycled be- 
tween 0 and 60 % of single-cycle burst pressure (i.e., 1800 psig or 1240 N/cm^) 
until failure occurred. After 18 pressure cycles, a small leak occurred. 
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consisting of slight weeping through the windings over a 90° (1.58 rad) sec- 
tor of the girth-weld area at the cylinder section midpoint.. Pressure cycling 
was continued and at 65 cycles another leak occurred in the vessel in one head 
just away from the head-to-cylinder juncture. The pressure cycling was con- 
tinued to 70 cycles, and then stopped. Figure 68 shows pressure vs strain 
data for cycles number 1, 2, 29, 49 and 68. After the first cycle, virtually 
no additional permanent set in the vessel was noted. Strains were close to 
design values and uniform. 


The vessel was sectioned revealing complete 
bonding of the liner to the filament -wound composite (i.e. lack of buckles in 
the liner) . From inspection of the vessel liner interior and from pretest 
x-rays, it is clear that the cylinder section leakage was attributable to 
localized lack of complete penetration in the EB girth weld. A section was 
cut from the tank in this region and was examined by a metallurgist as part of 
the failure analysis. Figure 69 shows two different cross sections of the 
liner girth joint, the overwrapped filaments, and the liner-to-composite bond. 
The lack of EB-weld penetration is clearly evident. 

Densitometer readings of the x-ray film of 
the girth weld prior to filament -winding showed about 807„ penetration of the 
joint in a local area. Since no technique had been developed for repair weld 
(without a back-up ring) of the thin girth section, the liner was filament- 
wound and tested. Analysis of the photo-micrographs of the two separate 
sections made after vessel test showed the following weld penetration measure- 
ments : 


Section A Section B 


Penetration of Total Thickness at Weld 

62% 

83% 


Weld and Parent Metal Thickness 

0.0423 in. 

0.0364 

in. 


(0.107 cm) 

(0.092 

cm) 

Parent Metal Thickness 1/8-Inch 
(0.32 -cm) From Weld 

0.0331 in. 

0.0318 

in. 


(0.084 cm) 

(0.081 

cm) 

Actual Weld Thickness 

0.0261 in. 

0.0302 

in. 


(0.066 cm) 

(0.077 

cm) 

Unwelded Parent Metal Thickness 

0.0161 in. 

0.0063 

in. 


(0.041 cm) 

(0.016 

cm) 

Weld Thickness (% of PM Thickness) 

79% 

95% 



The lack of penetration of the girth weld 
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provided a natural site for localized strain due to thinner weld metal and the 
notch-effect at the root of the weld. 

A localized crack on the liner inside sur- 
face was clearly evident where the leakage in the vessel head was noted in the 
vessel dome near the head-to-cylinder juncture after 65 pressure cycles. 

Figure 70 shows cross sections of the vessel wall at the liner fracture site. 
The failure in the head section noted after 65 cycles appeared to originate 
possibly as a result of slight voids and resin-rich areas in the composite 
which allowed the liner membrane to crease into the weakened area. The local- 
ized nature of the crease in the liner caused localized wall thinning and 
localized failure (note significant composite crazing over liner fracture in 
Figure 70) . 


A band of surface roughness about 1.5-in.- 
(3.8-cm-) wide extended completely around the inside surface of the head just 
past the tangency point. Micro -examination of the area indicated this was a 
mechanically-induced effect (probably during forming) rather than "orange- 
peeling" which would have shown disturbance of the grain boundaries of the 
material and a larger grain-size. 


Figure 71 shows the excellent performance 
of the hinged- joint boss of the liner. The photo shows slight buckling and 
thinning of the liner head, as well as slight deformation of the liner where 
it contacted the lower portion of the 2219 aluminum collar. The slight nature 
of these deformations demonstrate that the liner boss was able to sustain the 
operating conditions through the 70 fatigue cycles and probably could function 
satisfactorily for a considerably larger number of cycles. 

(3) Liquid Nitrogen Burst Test 

The test on Tank HB-1 was conducted as 

described in Section III-C-2-a. The vessel burst at a pressure of 4240 psig 
(2920 N/cm 2 ), a 40% increase over the room temperature burst strength of this 
vessel configuration. The failure was massive, and the test vessel was 
essentially totally blown apart into many pieces except for one head (see 
Figure 72). Pressure-vs -strain curves for the test are given in Figure 73. 

The two longitudinal extensometers were lost about halfway to the burst point. 
The hoop-strain data look good, and the value at the vessel burst point is 
very close to design predictions of strain for the burst pressure obtained. 
Hoop filament stress at vessel burst was 532 000 psi (367 000 N/cm 2 ) . 

Figure 74 shows one of the hinged- joint bosses after failure of the vessel. 
This figure also shows the successful operation of the hinged- joint . The 
membrane and outer supporting collar both dished outward but functioned satis- 
factorily all the way to the high 3.5% strain associated with the 4240 psig 
(2920 N/cm^) burst pressure. The figure also shows voids in the weld crown 
which, however , had no effect on the operation of the liner assembly. 
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Figure 74 (like Figure 71 from the cyclic-fatigue test unit) shows deformation 
of the 1100 aluminum liner into the lower edge of the 2219 aluminum collar as 
a result of the internal pressure in the area. The minor nature of this 
deformation indicates the adequacy of the composite supporting material and 
the capability of the liner boss to accomodate the operating characteristics 
of the aluminum- lined glass -filament -wound pressure vessel. 

c. Evaluation 

Evaluation of the test results obtained lead to 
the selection of the hinged-boss liner as the configuration offering the high- 
est performance potential in cyclic fatigue capability and burst strength for 
thin aluminum- lined glass-filament -wound vessels for operation at room and 
cryogenic temperatures. Additional vessels of this type were fabricated and 
tested, as described in the following section. 
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IV. DESIGN. FABRICATION, AND TESTING OF ADDITIONAL 
VESSELS WITH HINGED-BOSS LINERS 

Nine additional 12-in. -(30 . 5-cm-) dia. by 18-in. -(45. 7-cm-) long thin alum- 
.inum-lined glass-f i lament -wound vessels, incorporating the 0.010-in. -(0.254-mm-) 
thick 1100 aluminum liner of the hinged boss configuration, were fabricated and 
tested. 


A. DESIGN 

Vessel design was identical to the hinged boss configuration al- 
ready described in Section III-A. 

B. FABRICATION 

Liner and filament -wound vessel fabrication were performed using 
the process specifications described in Section III-B. Metal liner fabrica- 
tion data are given in Table 15, and pressure vessel fabrication data are pre- 
sented in Table 16. Figure 75 shows a group of completed liners, and Figure 76 
shows liner overwindings . 

Practice EB girth welds were made with reduced heat input on a 
set of full-scale liner halfshells in order to purposely develop areas of in- 
complete penetration in the weld. These areas were then re-welded at differ- 
ent machine settings to determine an appropriate control setting for any welds 
which might show incomplete penetration in the x-ray operation following re- 
moval of the backup ring. We found that a machine setting approximately that 
of the original weld would penetrate the joint completely without burning 
holes in the weld joint. This increased heat "receptiveness" in a reduced 
heat-sink situation is probably attributable to the partial weldment already 
in existance. 


An evaluation to determine optimum annealing procedures for the 
1100 aluminum liner assembly with high strength 2219-T62 boss components was 
conducted. It was determined that liner annealing could safely be performed 
after all welding, back-up ring removal, girth weld x-ray, and helium leak 
testing were completed. The annealing procedure selected and used for all 
liners was to subject the liner to 600°F (590°K) for one hour, to give a 
"dead-soft" 1100 aluminum membrane condition, prior to filament-overwinding. 
Evaluation of the 2219 alloy components showed that they had adequate strength 
to meet design requirements after exposure to the annealing temperature for 
one hour. 
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Liner A-l was fabricated and passed helium leak test, but was 
buckled when an external pressure differential inadvertantly occurred during 
venting of the vacuum chamber (see Figure 77) . The buckling shown was largely 
removed by straightening by internal pressurization after being filament over- 
wrapped with dry glass roving, and the vessel made with this liner later 
achieved a very high performance level. 

Liners for Tanks A-2, A-4, A-6, and A-7 were fabricated and 
passed helium leak testing without problems. 

Helium leak testing of Liners A-3, A-5, A-8, and A-9 indicated 
leakage at the non- structural weld between the boss, hat section, and external 
collar. Rewelding was successful on Liner A-5, but Liners A-3, A-8, and A-9 
still showed slight leakage at this joint. Repair of these three liners to 
pass the helium leak test was unsuccessful after repeated EB rewelds at the 
boss/liner/collar joint. Liner A-8 was collapsed in the EB weld chamber dur- 
ing one of the attempted repairs and had to be scrapped. It was decided to 
manually TIG weld a fillet of 1100 aluminum around the external 2219 aluminum 
collar-to-1100 aluminum dome intersection of Liners A-3 and A-9. Although 
this repair sealed the helium leakage, the relative massive fillet weld com- 
pletely eliminated any possible hinge action of the bosses repaired. It is 
believed that problems encountered with this weld joint were probably due to 
initial contamination in the joint when it was EB-welded the first time, and 
that subsequent EB-weld repair attempts were fruitless because of contamin- 
ation at the inside surface of the joint from products of reaction produced 
by nitric acid removal of the copper backup ring (conducted prior to the 
helium leak testing which revealed the leakage) . 

In filament-overwinding of these eight completed liners, no 
problems were encountered with Tanks A-2, A-3, A-4, A-6, and A-9. The three 
other liners A-l, A-5, and A-7 experienced local fracture of the thin 1100 
aluminum membrane in the dome area away from the boss during filament -winding 
operations while pressure stabilized. Investigation revealed that the heads 
which failed had membrane thicknesses equal to or slightly less than the min- 
imum design wall thickness of 0.010-inch (0.254-mm) upon receipt from the 
liner halfshell forming vendor. In addition, it was found that the membrane 
fractures each were located on a 5-in. -( 12 . 7-cm-) dia. circle; this circle 
coincided with one of the diameters at which a protective chemical milling 
maskant had been cut off with a sharp knife during the tapering of the head 
which is achieved by a chem-milling process. As a result of the thinness of 
the area, and possible scratching with the knife, and subsequent chemical 
milling and pressurization of the liner during winding which possibly further 
thinned the area, the fractures occurred. Micro-sections of one of the areas 
showed thinning down to 0.0015 inches (0.038 mm) but evidence of local work 
hardening was not discerned, indicating either an extremely localized work 
hardening or a complete absence of it. Other locations which also were the 
sites of possible knife scratching of the maskant during step tapering did not 



cause fracture problems. Liner A-l was repaired by manual TIG welding in the 
fractured membrane area (and around the entire 5-in. -(12 . 7-cm-) dia. suspect 
area of the membrane) and reprocessed into a successfully filament -wound and 
cured vessel. 


The liners had been designed to permit halfshell salvage from a 
complete liner assembly by cutting the liners on one side or the other of the 
girth weld located at the cylinder midsection. The non-failed halfshells of 
Liners A-5 and A- 7 were salvaged in this way and joined by a new EB girth weld 
joint to form Liner A-13. During helium leak testing Liner A-13 was found to 
have small pinhole leaks (two in the hat section weld and two in the girth 
weld) which were successfully TIG repaired. This liner was then successfully 
processed into a filament -wound vessel. 

Whenever liner rework was necessary, the rework was always fol- 
lowed by helium leak testing and annealing in order to restore the 1100 alum- 
inum portion of the liner assembly to the "dead-soft" condition prior to fila- 
ment overwinding. 

Liner A-10 was fabricated without problems, but after filament- 
overwinding during resin curing a small fracture occurred in the knuckle area 
of one liner head. The cured composite structure was stripped by soaking in 
an acid solution in an attempt to reclaim the liner. It was impossible to 
salvage this liner without significant damage (due to collapsing as a result 
of unsupported winding tension in the filaments during the stripping pro- 
cedure) . 


Liners A- 11 and 12 were fabricated and required TIG repair of 
pinhole leaks to pass helium leak testing (see Table 15) ; they were subse- 
quently overwrapped without problems to make test vessels. 

Work proceeded on Liners A-14, A- 15, and A- 16 which were fabri- 
cated from previously unacceptable liner halfshells (thin membranes, with pin- 
hole leak sites) in an attempt to obtain additional liners for overwinding. 

All units required considerable repair welding to pass helium leak test. Each 
of the liners locally fractured at thin spots in the aluminum membrane during 
filament overwinding, and further attempts at weld repairing were abandoned. 

The nine test vessels successfully fabricated were given final 
inspection and subjected to structural testing, as described in the next 
section. 



c. 


TESTING 


1. Test Plan, Facility, and Instrumentation 

a. Test Plan 

Vessel testing consisted of burst and cyclic 
fatigue tests at room, liquid nitrogen, and liquid hydrogen temperatures. 

One vessel was subjected to burst testing at each temperature, and two vessels 
were given cyclic fatigue testing at each temperature by pressurization between 
0 and 60% of single cycle burst strength. 

All records for the nine vessels were reviewed to 
establish a qualitative ranking for use in assigning vessels to specific tests. 
Results of this evaluation are summarized in Table 17. 

Testing was conducted using at a pressurization 
rate producing approximately 1 % strain/minute in the vessel. Vessels were 
equipped with extensometers for measurement of strain in the longitudinal and 
hoop directions of the vessel cylindrical section. One set of hoop strain 
measurements and two sets of longitudinal strain measurements were made in the 
cylinder section, and the data were recorded continuously. 

b. Facility 

Room temperature testing was conducted as previous- 
ly described in Section III-C, using deionized distilled water as the pressur- 
izing medium. Cryogenic temperature testing was performed by mounting the 
vessel in a frame and attaching and calibrating the deflection measurement 
instrumentation (Figure 78), positioning the frame holding the vessel in an 
insulated container, and filling the container with the cryogenic test fluid 
(Figure 79) . Liquid nitrogen was used as the pressurizing medium for -320°F 
(77 K) tests, and liquid hydrogen for the -423°F (20°K) tests. 

c . Ins trumenta tion 

Longitudinal and circumferential strains, and 
pressure, were monitored throughout the testing. This instrumentation was 
essentially the same as already described in Section III-C-l-c, except that 
(1) temperature measurements were not taken, as the vessels were at normal 
ambient temperatures or submerged in the cryogenic fluid throughout the tests 
and at steady-state 60-70°F (289 - 294°K) , -320°F (77°K), or -423°F (20°K) 
conditions, and (2) the "bow-tie" extensometers were mounted on the vessel 
holding fixture out of the cryogenic test fluid, with steel wires running from 
the cantilever beam ends to the vessel gage length end points. Deflection 
measurement extensometers were calibrated as installed in the test rig 
immediately prior to testing, using the procedure already described. 
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2 . 


Test Results 


Test results at ambient, liquid nitrogen, and liquid 
hydrogen temperatures are summarized in Tables 18 and 19. The tables indicate 
the type of test given, the test temperature, the load level used for fatigue 
loading, the pressure cycles achieved, the failure pressure, modes of failure, 
filament stresses and strains, and pertinent remarks. Comments on the indi- 
vidual vessel tests, amplifying data recorded in the tables, are given below: 

a. Ambient Temperature Tests 

(1) Single Cycle Burst 

Tank A-3 was installed in a test stand, 
filled with deionized distilled water, and deflection measurement instrument- 
ation attached for measuring cylinder section circumferential and longitudinal 
strains. The vessel was then pressurized at a rate producing 1% strain/minute 
(approximately 1000 psi/min. or 690 N/cm^/min.) until burst occurred at 
2250 psig (1550 N/cm Z ). Failure originated in the vessel end dome in the 
region of the polar boss; the continuous longitudinal windings opened up like 
a flower and the entire hinge boss was ejected from the vessel. The struc- 
tural failure was at lower than design burst, due to the massive TIG weld 
repairs made at the liner boss, as described in Sections IV -B and IV-C-3. The 
failed tank is shown in Figure 80. At the burst pressure the calculated 
stresses were 280 000 psi (193 000 N/cm^) in the hoop filaments and 234 000 
psi (161 000 N/cm^) in the longitudinal filaments. Pressure vs strain data 
are shown in Figure 81 and the maximum strains recorded in Table 18. 

(2) Cyclic Fatigue Life 

The above burst data were compared to data 
obtained from previous ambient temperature burst tests for this vessel design 
(discussed in Section III-C-2-b) in order to reaffirm values for the 60% 
pressure level required for pressure cycling tests. Because of the massive 
repair weld in the region where failure occurred, it was decided that the low 
burst pressure of Tank A-3 was not a good representation of the strength of 
this series of vessels. Thus, the 607, load levels was retained at 1800 psi 
(1240 N/cm^) for ambient temperature tests. 


Tank A-ll was set up for and subjected to 
pressure cycling between 0 and the 60% load level. Vessel failure, consisting 
of a leak in the aluminum liner, occurred on the 17th cycle in the knuckle 
region of the head approximately one inch (2.54 cm) from the head-to-cylinder 
junction (see Figure 82). The peak stresses during cycling were 223 000 psi 
(154 000 N/cm^) in the hoop filaments and 186 000 psi (128 000 N/cm^) in the 
longitudinal filaments. Pressure vs strain plots are shown for the 1st, 11th, 
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and 15th pressure cycles in Figure 83. As noted in the figure, permanent set 
after the first pressure cycle was limited to the hoop direction of the 
cylinder; strain levels remained constant during subsequent cycling. 

Tank A -12 was fatigue cycled to the same 
load level (60%) as Tank A-ll. During the 25th pressure cycle a leak 
occurred in the same area of the vessel head (see Figure 84) as was noted for 
Tank A-ll. The peak stresses during cycling were 222 000 psi (153 000 N/cm?) 
in the hoop filaments and 185 000 psi (128 000 N/cm^) in the longitudinal 
filaments. Figure 85 presents pressure vs strain plots for the 2nd, 10th, and 
20th pressure cycles. Only minor increases in hoop and longitudinal strain 
occurred as the number of cycles increased. 

b. Liquid Nitrogen Tests 

(1) Single Cycle Burst 

Tank A-l was installed in a test stand, 
deflection measurement instrumentation attached, and the assembly surrounded 
with a liquid nitrogen bath. When steady-state conditions were achieved, the 
vessel was pressurized with liquid nitrogen to a maximum pressure of 3870 psig 
(2670 N/cm^) , whereupon pressure could not be increased further due, to system 
limitations. Pressure was maintained at this pressure level, producing a hoop 
strain of 3.127 OJ for about three minutes prior to decreasing to 1800 psig 
(1240 N/cm^), where the pressure was maintained while attempts were made to 
increase the test system pressure level capability. During these efforts 
vessel pressure was inadvertantly decreased to zero. When the vessel was 
again pressurized in an attempt to burst it, a leak developed in the liner at 
a pressure of 2250 psig (1550 n/ch£) . The leak was located in the knuckle 
area of the head just forward of the head-to-cylinder junction. The tank 
after testing is shown in Figure 86. Stresses at the maximum pressure of 
3870 psig (2670 N/cm^) were 497 000 psi (343 000 N/cm^) in the hoop filaments 
and 415 000 psi (286 000 N/cni ) in the longitudinal filaments. First cycle 
pressure vs strain data are shown in Figure 87. 

(2) Cyclic Fatigue Life 

Tank A-4 was prepared for liquid nitrogen 
test as described for Tank A-l and pressure cycled between 0 and 2400 psig 
(1650 N/cm^) for 93 cycles because the 2400 psig was approximately 60% of the 
average LN2 burst strength of this vessel design (i.e. HB-1 achieved 4240 psig 
burst and A-l attained 3870 psig). During the first fatigue cycle the pressure 
was inadvertently increased to 2500 psig (1720 N/cm^) . Leakage was noted on the 
94th cycle when the maximum pressure which could be obtained was 2200 osig (1520 
N/cm^) . The calculated stresses at the cycle pressure of 2400 psig (1650 N/cm2) 
were 297 000 psi (205 000 N/cm^) in the hoop filaments and 248 000 psi (171 000 
N/cm^) in the longitudinal filaments. The leakage areas are shown in Figure 88 
and the pressure vs strain data are given in Figure 89. Permanent set occurred 
in the longitudinal direction of the tank after the 1st 
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pressure cycle, but this did not occur in the hoop direction. 

Tank A-13 was pressure cycled at liquid 
nitrogen temperature, duplicating the Tank A-4 test, but failure of this tank 
occurred on the 16th cycle at a pressure of 2250 psig (1550 N/cn?). The tank 
after testing is shown in Figure 90. The peak stresses during cycling were 
299 000 psi (206 000 N/cm 2 ) in the hoop filaments and 250 000 psi (172 000 
N/cm 2 ) in the longitudinal filaments. Figure 91 presents pressure vs strain 
plots for the 2nd, 10th, and 15th pressure cycles. 

c. Liquid Hydrogen Tests 

(1) Single Cycle Burst 

Tank A-9 was installed in the test fixture, 
deflection measurement instrumentation attached, and the assembly submerged in 
a liquid hydrogen bath. The tank was pressurized with gaseous hydrogen to 
30 psig (21 N/cm 2 ) for a period of time which allowed the gaseous hydrogen to 
become liquescent. The tank was then pressurized at a rate of 1000 psi/min 
(690 N/cmr/min) with liquid hydrogen until a pressure of 2380 psig (1640 N/cm 2 ) 
was obtained. Excessive boil-off occurred at this point, and the pressure was 
decreased to zero in order to leak check the test system. When the vessel was 
again pressurized in an attempt to burst it, excessive leakage occurred at a 
vessel boss at a pressure of 1760 psig (1210 N/cm 2 ). The boss which failed 
had been repair welded during liner fabrication using a rather massive TIG 
weld (same as described for Tank A-3) and the premature failure was attributed 
to this repairing; the leakage area is shown in Figure 92. Stresses at the 
maximum pressure of 2380 psig (1640 N/cm 2 ) were 295 000 psi (203 000 N/cm 2 ) in 
the hoop filaments and 245 000 psi (169 000 N/cm 2 ) in the longitudinal fila- 
ments. Longitudinal strain vs pressure are shown in Figure 93, but no signal 
was obtained from the hoop extensometer. 

(2) Cyclic Fatigue Life 

Tanks A-2 and A-6 were installed in the 
-liquid hydrogen test facility and subjected to cyclic fatigue at the 60% load 
level (2400 psi or 1650 N/cm 2 ) determined from the previous liquid nitrogen 
burst tests. Tank A-2 sustained 97 pressure cycles before a leak occurred in 
the knuckle area of the head (see Figure 94) , while Tank A-6 experienced a 
leak failure after 75 pressure cycles, the location of whick could not be found 
in post test analysis; Tank A-6 after testing is shown in Figure 95. The peak 
stresses for both vessels, were 298 000 psi (206 000 N/cm 2 ) in the hoop filaments 
and 248 000 psi (171 000 N/cm2) in the longitudinal filaments. Pressure vs strain 
plots for Tanks A-2 and A-6 are shown in Figures 96 and 97, respestively . Perma- 
nent set occurred in both vessels in both directions as a result of the first 
pressure cycle; only minor changes in strain levels occurred during subsequent 
pressure cycles. 
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3. 


Evaluation of Test Results 


a. Failure Modes and Analysis 

After testing, tanks were analyzed in more detail 
for failure inodes, hinge boss operation, and glass -filament-wound composite/ 
aluminum liner characteristics after burst and cyclic fatigue testing. Polar 
bosses and tank membrane areas were cut from the tanks and sectioned; 

Figure 98 shows typical boss and head-to-cylinder junction specimens. Figures 
99 and 100 shows exterior and interior views of sectioned polar bosses. Fig- 
ure 101 schematically depicts location of head-to-cylinder section specimens 
and cylinder section specimens taken from the tanks as well as liner leakage 
failure sites. 


(1) Tanks Pressurized to Burst 

Tanks A-3 and A-9 (tested to burst at room 
and liquid hydrogen temperatures) both failed prematurely due to massive TIG 
weld repairs made at the polar bosses to solve liner leakage problems during 
liner fabrication. The TIG welds impeded function of the' boss hinge, and 
caused early failures . 


Figure 102 is a photomicrograph taken from 
a dome of Tank A-3 (see Figure 101) showing the metal liner, glass filament 
overwrap, and composite craze cracking. 

Tank A-l (tested to 3870 psi or 2670 N/cm^ 
and to over 37, biaxial strain at liquid nitrogen temperature) demonstrated one 
of the highest strength performances of the tanks tested, and had induced in 
it a high single cycle strain condition in the polar boss. Since the tank did 
not fail structurally during the test, sections taken from the tank after 
testing to very high stress and strain conditions were very revealing at show- 
ing action of the hinge boss and tank wall membrane. Figure 103 shows the 
action and excellent condition of the hinge boss after the test. 

^ The tank did not fail at 3870 psig (2670 

N/cni ); it was depressurized and subsequently repressurized until liner fail- 
ure occurred at 2250 psig (1550 N/cm^) in the knuckle area of the head just 
above the head-to-cylinder juncture (Figure 101) . Photomicrographs of the 
wall cross-section at the failure location showing the longitudinally oriented 
liner break site are shown in Figure 104. 

(2) Tanks Pressure Cycled to Failure 

Tanks A-ll and A-12 pressure cycled to 

failure at room temperature failed by leakage after 17 and 25 cycles to about 
1.67, strain level and 607, of ultimate strength, with failures located in the 
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liner at the head area just above the head-to-cylinder juncture (see Figure 
101). Photomicrographs of wall cross-sections showing the longitudinally 
oriented liner break sites are presented in Figures 105 and 106. Figure 107 
shows an inside view of the liner of Tank A-ll with the liner fracture clearly 
evident and parallel liner strain concentration lines running longitudinally, 
which are spaced about 0.25 to 0.30-in. (0.64 to 0.76-cm) apart, compared with 
the longitudinal winding tape width of 0.26-in. or 0.66-cm (nominal) used in 
liner overwinding. The strain concentration sites seem to be located at the 
edges of the longitudinal winding tape. A similar condition was observed on 
the liner of Tank A-12. 

Tanks A-4 and A-13 were pressure cycled at 
liquid nitrogen temperature at about 2% strain level and 60% of ultimate 
strength until liner leakage occurred at 93 and 15 cycles respectively. Liner 
fractures were longitudinally oriented and located on the head just away from 
the tank head-to-cylinder juncture for Tank A-4. Figures 108 and 109 show 
the metal liner fracture in the head near the head-to-cylinder juncture and in 
the liner cylinder-section adjacent to the girth weld, looking from the inside 
surface. Figure 110 is a photomicrograph of the dome cross-section at the 
liner fracture site, and Figure 111 shows the liner failure in the cylinder 
section. A cross-section of a hinge boss of Tank A-4 is presented in Figure 
112, showing satisfactory operation and condition after 93 cycles to 2400 psi 
(1650 N/cm 2 ) at -320°F (77°K) and approximately 2% strain level. The failure 
site for Tank A-13 could not be located in the post failure analysis. Figure 
113 does show the inside of the tank end dome at the knuckle with local longi- 
tudinal strain concentration sites in the liner clearly evident, spaced about 
0.25 to 0.30-in. (0.64 to 0.76-cm) apart (compared with winding tape width of 
0.26-in. or 0.66-cm). Figure 114 shows the tank filament -wound composite 
outside surface with craze cracking similarily spaced. 

Tanks A-2 and A-6 were pressure cycled at 
liquid hydrogen temperature to about 27» strain and 2400 psig (1650 N/cm 2 ) 
until liner leakage failure occurred at 97 and 75 cycles respectively. Fig- 
ure 115 indicates the end dome metal liner failure for Tank A-2 looking from 
the inside surface after the cycling test (note work hardening in liner). 

Wall section photomicrographs were of similar appearance to those already pre- 
sented. Figure 116 presents the hinge boss cross-section from Tank A-6 after 
75 cycles to 2400 psig (1650 N/cm 2 ) at -423°F (20°K) and 2.10%, strain level, 
indicating its satisfactory operation. 

b. Test Temperature Effect On Ultimate 

Filament Strength of Pressure Vessels 

Single cycle burst test data obtained from both 
series of pressure vessels (HB/BWB and A) were grouped together for evaluation 
of the temperature effect on pressure vessel filament strength. Appendix H 
presents the methods used to calculate filament stresses and includes sample 
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calculations to show their application. It should be noted that the analysis 
considers the loads carried by the metal liner and oriented filaments in both 
directions. Results of calculations based on the analysis of Appendix H are 
recorded in Tables 12, 13, 18, and 19 for the HB/BWB and A series vessels, 
respectively. 


Hoop and longitudinal filament stresses for all 
vessels burst are shown in Figures 117 and 118, respectively, as a function 
of the test temperature. At ambient temperature, vessels exhibited an average 
ultimate strength of 380 000 psi (262 000 N/cm^) in the hoop filaments and 
317 000 psi (219 000 N/cm 2 ) in the longitudinal filaments. 

At the liquid nitrogen (LN^) test temperature. 
Figures 117 and 118 indicate a 40% increase in the strength of both hoop and 
longitudinal filaments. The average ultimate strength was 532 000 psi 
(367 000 N/cm^) in the hoop filaments and 444 000 psi (306 000 N/cm^) in the 
longitudinal filaments. Although only one burst data point was available to 
establish the LN 2 strength. Tank A-l, which did not fail, due to test system 
limitations, exhibited stress levels of 497 000 psi (343 000 N/cm^) in the 
hoop filaments and 415 000 psi (286 000 N/cm^) in the loflgitudinal filaments. 

c. Pressure vs Strain Characteristics 

Pressure vs strain data recorded for the cylin- 
drical section of all vessels tested during the program generally showed uni- 
form hoop and longitudinal strains very close to those predicted by the de- 
sign analysis. 


Raw data obtained for the end-to-end deflection 
of Vessel A-12 during application of the second fatigue cycle indicated a 
2.177, overall maximum strain (corresponds to 1800 psi or 1240 N/cm2) in com- 
parison to a 1.32% longitudinal strain for the cylinder section. During peak 
pressure on the 10th and 25th cycle, the total strain of the vessel was 2.28% 
and the longitudinal strain of the cylinder was 1.38%. Thus, at ambient 
temperature and the 60% load level the 2 1 . 7-in. -(55 . 1-cm-) long vessel deflec- 
ted approximately 1/2 inch or 1.27 cm while the cylinder elongated 1/10 inch 
or 0.25 cm. 


Although vessel deflection data were uniform for 
load cycles greater than one (Tank A-12), first cycle deflection data obtained 
from the ambient single cycle burst test of Tank A-3 indicated the heads of 
the vessel were actually contracting during the initial states of pressuri- 
zation. The overall effect was a zero net deflection of the vessel up to 
approximately 1500 psi (1030 N/cm^) and then uniform deflection on up to the 
burst pressure of 2250 psi (1550 N/cm^). The non-uniformity of vessel 
deflection during initial stages of the first pressure cycle and the uniform- 
ity of data for subsequent pressure cycles is probably due to orthotropic 
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behavior of the glass/resin composite prior to resin fracture (crazing) . 

d. Cyclic Fatigue Life 

Hoop and longitudinal filament failure stresses 
for all vessels (BWB/HB and A series) subjected to single cycle and cyclic 
fatigue loading tests at ambient and cryogenic temperatures are shown in 
Figures 119 and 120, respectively, as a function of the number of cycles to 
cause failure. As previously discussed, three of the single cycle vessels 
exhibited failure of the composite and four were liner failures (Vessel A-l 
failed on second burst attempt cycle); all cyclically loaded vessels failed by 
liner leakage. 


Since all vessels subjected to fatigue loading 
failed in the metal liner, the works of Manson (Reference 28) and Coffin 
(Reference 29) on metal fatigue in the low-cycle range (1/4 to 1000 cycles) 
were reviewed for application to these vessels. According to numerous 
investigators low-cycle fatigue of metals is governed by the cyclic plastic 
strain range, and the power law relation between cyclic life (N^) and uniaxial 
plastic strain range (A 6p ) proposed by both Manson and Coffin in the form 

Ae p = MN f Z 

has been amply verified. Before this relation could be applied to the metal 
liners tested on this program, the material constants, M and Z, for annealed 
1100 aluminum had to be determined as well as a correction factor for the 
1:1 biaxial strain conditions existing in the tank liner. 

Manson, in Reference 28, experimentally evaluated 
the material constants for 1100 aluminum, but later found the material to be 
in the H12 condition rather than the annealed condition. Coffin, in the 
discussion section of Reference 28, provided his own experimental data and 
showed an excellent curve fit using room temperature values of 0.85 for the 
material coefficient M and -0.5 for the exponent Z. Coffin* s resulting 
equation for uniaxial strain range as a function of cycles to failure was 

Ae p = 0.85 I*/ 0 ’ 5 

Ives, et.al. (Reference 30) compared equibiaxial 
strain (equibiaxial stress) fatigue data with uniaxial strain (imparted by 
2:1 biaxial stress) fatigue data in terms of an equivalent strain. The 
equivalent strain may be defined as the axial strain of a specimen subjected 
to a uniaxial load (1:0 biaxial stress). Their theoretically derived value 
for equivalent strain was found to be twice the measured biaxial strain for 
equibiaxially stressed specimens and 1.155 times the measured axial strain 
for 2:1 biaxially stressed specimens. The resulting correlation of experi- 
mentally obtained room temperature strain data for various steels in the 10^ 
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to 10 cycle range was very good. 

Based on the above discussion, the maximum 1:1 
cyclic strain levels, which were average tank cylinder surface strains 
measured over a long gage length, (see Tables 13 and 19) for all vessels sub- 
jected to fatigue loading were converted to equivalent strain by multiplying 
the values by a factor of two; the resulting equivalent strains for the tanks 
are shown in Figure 121 as a function of cyclic life. The previously 
described Coffin relation for 1100 aluminum at room temperature has also been 
included in the figure for comparison. All test data fall below the Coffin 
curve which indicates a greater cyclic potential for the metal liners than 
was realized. 


However, it should be noted that the vessels did 
not fail in the cylinder section where strain was recorded, but generally in 
the vessel domes just away from the head- to-cy Under juncture. As such, the 
data in Figure 121 are not failure strains for the section being measured. 
These low test values are probably caused by very local high magnitude strain 
concentrations at the failure sights of the domes (as discussed in Section IV- 
C-3-a); as described there, the location and orientation of metal liner dome 
fractures appeared to coincide with resin craze planes in the filament -wound 
composite. Based on the Coffin curve, elimination of strain magnification 
sights in the domes should increase the cycle life of metal liners in the 
tanks to 400 - 1000 cycles for the 60% load level. 

e. Pressure Vessel Performance 

The pressure vessel performance factors (P^V Q /W) 
shown in Table 20 were computed from measured values of burst pressure (p^), 
internal volume (V Q ) and total tank weight (W) except as noted in the table. 
The data from all single cycle burst strength determinations (HB, BWB, and A 
series) are included in the table; leak type failures are not representative 
and have been excluded from the table. It should be noted, the units of 
performance factor were not reduced to the usual standard in- notation, but 
instead were retained in the form in. -lbf /lbm* to depict vessel efficiency 
by relating the capability of the pressure vessel to store energy (in-lbf or 
joules) to the container weight penalty (lbm or grams). 

The average room temperature burst performance 
factor was 0.73 x 10"^ in-lbf/lbm (182 J/g) and at -320°F (77°K) was 1.01 x 
10”6 in-lbf/lbm (251 J/g). The maximum deviation from the average performance 
factors at the two temperatures was only 2.7%. 


* 1 x 10 6 


in-lbf/lbm = 249 joules/gram (J/g) 
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The thin aluminum- lined glass-filament -wound 
vessels demonstrated considerable weight savings as compared with homo- 
geneous metal construction. For example, 2219-T87 aluminum and Inconel 718 
(STA) homogeneous metal pressure vessels have the following maximum theoretical 
performance factors at room temperature: 


Vessel Performance Factor, PbVo/W 



Sphere 


Cylinder 


Material 

in. -lbf /lbm 

J/fi 

in. -lbf /lbm 

Hl 

2219-T87 Aluminum 

0.41 x 10 6 

102 

0.30 x 10 6 

75 

Inconel 718 (STA) 

0.42 

105 

0.31 

77 


In comparison with these metal vessel weights for 
a given P|jV 0 capability, the composite tanks weigh only 40 to 55% of the 
2219-T87 or Inconel 718 (STA) tanks, depending on shape of the metal tanks. 

In addition to weight savings, the aluminum- lined glass -filament-wound tanks 
offer the following advantages: 

• Increased packaging density with no weight penalty; vessel 
shape not restricted to spheres for minimum weight, as com- 
posite vessels of spherical, spheroidal, and cylindrical shape 
all have about the same P^Vq/W performance factor. 

• Leakage failure mode, without fragmentation or shatterability . 

^ Improved reliability through safety factor increase. 


The table below compares the efficiency of the 
12-in. -(30. 5-cm-) dia. by 18-in. -(45 . 7-cm-) long S -glass/epoxy filament -wound 
composite tanks fabricated during this program with tanks constructed from 
other fiber reinforced composites; performance factors based on composite 
weight without metal liners or bosses have been used in the table to show a 
direct comparison of filament-wound composite material efficiency. 



Maximum Demonstrated Filament-Wound Composite 


Test 

Vessel Performance Factors 

S-G lass /Epoxy Boron/Epoxy 

(Reference 31) 

Graphite/Epoxy 
(Reference 32) 

Environment 

in- lbf /lbm 
0.95 x 10 6 

J/£_ 

in- lbf /lbm 

ihL 

in- lbf / lbm 
0.37 - 

J/g 

Ambient 

237 

0.72 x 10 6 

179 

0.47 x 10 6 

92-117 

Liquid 

Nitrogen 

1.37 

341 

0.47 

117 

0.32 - 0.41 

80-102 

Liquid 

Hydrogen 

— 

-- 

0.63 

157 

0.34 - 0.46 

85-115 



All of the graphite/epoxy and boron/epoxy pres- 
sure vessels were 8-in.-(20.3-cm-) dia. by 13-in. -(33 .O-cm-) long and incor- 
porated thin stainless steel foil liners. The performance and weight saving 
advantage of glass filaments over boron and the various currently available 
forms of graphite filaments is evident from the table. The primary dis- 
advantage of S-glass filaments is the high strain levels associated with 
their high efficiency; these strains greatly tax the capability limits of the 
thin metal liners especially during fatigue cycling. 

j. 

A comparison of the three composite materials, in 
terms of vessel weight, was obtained by applying the corresponding maximum 
performance factors to a 500 in^ (8200 cirH) vessel approximately 8-in.- 
(20.3-cm-) dia. by 12-in. -(30. 5-cm-) long designed for a burst pressure of 
3000 psi (2070 N/cm^) at ambient temperature. The resulting weight of the 
S-glass /epoxy composite was 1.6 lbm (720 g) as compared to a boron/epoxy 
composite weight of 2 . 1 lbm (950 g) and a graphite/epoxy composite weight of 
3.2 lbm (1450 g) . The required additional metal hardware weight would be the 
same for all three types of vessels. 
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V. 


CONCLUSIONS AND RECOMMENDATIONS 


A. The principal objective of the program --to demonstrate the 
feasibility of producing closed-end, cylindrical, glass -filament -wound pres- 
sure vessels with thin (0.010-in. — or 0 .254-mm-thick) aluminum liners for 
operation in the 75 F (297 K) to -423 F (20 K) temperature range — was accom- 
plished. 


B. Significant developments and advancements were made in solving 
past problems with thin-metal- lined glass filament -wound vessels. The work 
provided further demonstration of the ability of the bond between the liner 
and the overwrapped composite to keep the liner from buckling during high 
strain range vessel pressure cycling, and of the ability of the bond to 
maintain its strength and integrity until failure of the metal liner, by high 
strain range fatigue. The problem of strain magnification in the metal liner 
near the vessel polar bosses was solved by development of a novel "hinge boss" 
design configuration. 

C. Initial material, process, fabrication, and vessel test evalua- 
tions lead to the following conclusions associated with aluminum liners: 

1. The best ductility capability for the aluminum sealant 
liners to operate at ambient to LH_ temperatures was provided by type 1100 
aluminum. 

2. TIG welding the thin aluminum liner joints to meet the 
design objectives of weld properties, quality, and geometry was not successful. 
Electron-beam welding of the joints, however, eliminated or greatly reduced 
the problems encountered in TIG welding, and resulted in weld joints which did 
meet design objectives. 

D. Better understanding of the critical nature of the polar boss- 
to-liner membrane transition, the mismatch of deflections there, and the strain 
magnifications known to exist in this region due to the rigidity of boss de- 
signs usually employed and the extensibility of the glass -filament-wound 
composite on top of the boss flange was obtained from extensive structural 
analysis of the vessel polar port area. Detailed investigation of the end 
domes of the metal-lined glass-filament-wound vessel configuration studies 
under this program in the vicinity of the axially located polar bosses 
resulted in the following theoretical observations: 

1. Analysis of the membrane portion of the vessel indi- 
cated that below the resin crazing threshold ( 25% ultimate load) , where 
orthotropic behavior dominates, meridional strains increased in value as the 
port was approached reaching a maximum value 50% greater than the strain at 
the equator; above the resin crazing threshold, where deformations can be 
predicted by netting theory, meridional strain was essentially constant 
over the entire dome. 


69 



2. Discontinuity analysis of the filament -wound composite 
shell at the boss -flange to membrane juncture indicated that radial deflection 
was independent of the flange bearing load (distributed or concentrated) and 
its position for the range of parameters investigated; rotational effects 
were strongly influenced by the magnitude and point of application of the 
bearing load. Any mismatch in rotation of mating aluminum and filament- 
wound composite structural components indicated potentially large shear- 
distortional effects which could induce peal action and eventual destruction 
of the aluminum-to-composite adhesive bond. 

E. Several polar boss design concepts were developed and evaluated 
using results of the efforts described in C. and D. above, resulting in 
selection of improved vessel configurations for further study. One of these 
incorporated a "hinge boss" in which pressure in the vessel is used to expand 
the 1100 aluminum liner past yield plastically against the opening in the 
filament -wound composite dome. The liner is flexible up to the opening and 
in the opening, and thickens as it exits from the opening in the filament- 
wound composite; a high strength aluminum alloy boss member is provided 
which takes out boss reaction loads but which does not impede the hinge action 
of the liner at the boss . 

F. The fifteen 12-in. -(30.5-cm-) dia. by 18-in. -(45 . 7-cm-) long 
1100 aluminum- lined improved configuration pressure vessels that were fabri- 
cated and tested demonstrated burst strengths and strain-vs-pressure charac- 
teristics predicted by the design analysis. The following conclusions were 
drawn from these tests: 

1. The adhesive/scrim cloth bonding system maintained a 

bond between the aluminum liner and the filament -wound composite shells 
during all burst and cyclic fatigue tests at ambient to liquid hydrogen tem- 
peratures . 


2. The hinge boss design exhibited impermeability to fluids 
and strain compatibility between aluminum parts and the filament -wound com- 
posite during burst and cyclic fatigue tests at ambient to liquid hydrogen 
temperatures . 


3. At ambient temperature, vessels achieved their design 
burst strength of 3000 psi (2070 N/cm ) , and exhibited an average ultimate 
strength of 380 000 psi (262 000 N/cm ) in the hoop filaments and 317 000 psi 
(219 000 N/cm ) in the longitudinal filaments. 

4. At the liquid nitrogen test temperature both hoop and 
longitudinal filaments had a 407» increase in strength to 532 000 psi (367 000 
N/cm ) for the hoop filaments and 444 000 psi (306 000 N/cm ) for the longi- 
tudinal filaments which is consistent with values obtained in previous eva- 
luations and by other investigators with smaller and simpler test vessels. 
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5. Generally, all vessels subjected to cyclic fatigue tests 
failed by local fracture in the aluminum liner portion of the vessel dome just 
above the head-to-cylinder juncture; fractures in the liner were due to high 
strain range fatigue of the metal, and appeared to coincide with resin craze 
planes in the filament -wound composite. Failure analysis showed strain 
concentration lines in the liner domes in the head-to-cylinder junction 
region running parallel to the direction of the longitudinal wrap, and 
spaced the same as the longitudinal filament -winding tape width. The strain 
concentration sites seemed to be located at the edges of the longitudinal 
winding tape. 

6. Vessel failure mode under cyclic fatigue conditions 
always consisted of leakage, without any structural failure of the vessel 
whatsoever. The maximum number of pressure cycles achieved by vessels 

when pressurized between 0 and 607, of burst strength prior to liner fracture 
was 97 at the liquid hydrogen test temperature. 

7. Comparison of vessel liner fatigue life to published data 
for low-cycle, high-strain-range fatigue of simple 1100 aluminum specimens, 

on an equivalent (uniaxial) strain basis, indicated that elimination of strain 
magnification sights in the domes should increase the cyclic life of the 
aluminum liners to 400 to 1000 cycles at the 60% load level. 

8. Pressure vessel performance comparisons, based on single 
cycle burst strength, showed that glass filament -wound vessels had a much 
higher demonstrated weight efficiency than metal vessels and similar boron 
and the various forms of graphite filament -wound vessels. More specifically, 
the weight of the glass filament -wound vessels is only 40 to 55% that of 
homogeneous 2219-T87 aluminum or Inconel 718 spherical and cylindrical 
vessels having the same burst pressure and volume. 

E. Additional studies of metal-lined glass -filament-wound pressure 
vessels are recommended to further improve designs and processes, for fabricat- 
ing thin metal liners and vessels to attain increased cyclic fatigue life and 
greater vessel reliability. The areas of investigation should include; 

1. Definition of design approaches improving liner and end- 
fitting fabrication approaches and reliability, as well as reducing scrap 
rates, reworks, and costs of the thin walled fragile liner assemblies. 

2. Improvement of the cyclic fatigue performance of the 
thin metal-lined portion of the glass- filament-wound pressure vessels. 

3. The definition of new and novel end-fitting designs that 
provide for maximum biaxial extensibility and compatibility with liner 
materials and fabrication processes. 

4. Demonstration of reliability of the tanks via a complete 
qualification test program. 
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EFFECT OF CRYOGENIC -TEMPERATURE EXPOSURE ON WELDED 6061-0 ALUMINUM ALLOY 
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Table 1 


Specimens were 0 .031-in. -(0 ,079-cm-) thick, fusion-butt-welded without filler wire; 

Welds were planished and then specimens annealed at 775°F (686°K) , cooled at 50°F/hr (28°K/hr) 
to 500°F (533°K) , and then air-cooled to room temperature from 500°F (533°K) . 

Weld joint apparently had defect not visually detectable. 






































PEEL ADHESION TEST RESULTS 

0 .010-IN-THICK 6061 ALUMINUM BONDED 3 TO GLASS FILAMENT COMPOSITE 



Composite: 181 glass cloth impregnated with Epon 828/Empol 1040/DSA/BDMA 

(100/20/115.9/1.0 pbw) ; 1 .00-in. -(2 . 54-cm-) wide 
































Nylon Elevated Temperature Cure Specimen Temperature T-Peel 
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TABLE 3 ' 


LINER FABRICATION SEQUENCE 


1100 Aluminum Liner 


Cut blank from 1/8-inch (0.32-cm) sheet. 

Form, contour and anneal half shells. 

Cut hole for boss installation. 

Machine to preweld configuration 
(membrane thickness of 0.030-inch 
(0.076-cm) approx, except at weld 
joint) . 

Reduce membrane to 0.012 -inch 
(0.305-mm) by chemical milling, 
except at weld joint area. 

Adhesively bond boss into dome of 
each liner half shell. 

Machine half shell girth weld joints. 

Girth closure weld half shells. 

Remove excess metal at weld joint. 

Planish girth weld seam. 

Final machine weld seam. 

Locally anneal weld joint, chemically 
mill to 0 .010-in. -(0.254-mm-) thick- 
ness . 

Weld extensions on both bosses. 

Clean and inspect liner assembly. 


6061 Aluminum Liner 


Cut blank from 1-inch (2.54-cm) 
plate 

Upset plate for boss projection 
and machine membrane to 1/8-inch 
(0.32-cm) (except at boss). 

Anneal preform. 

Form contour and anneal half shells. 

Solution treat and age to T6 
condition. 

Machine to preweld configuration 
(membrane thickness of 0.030-inch 
or 0.076-cm approx., except at boss 
and weld joint). 

Reduce membrane to 0.010-inch 
(0.254-mm) by chemical milling, 
except at boss and weld joint area. 

Machine half shell girth weld joints 

Girth closure weld half shells. 

Remove excess metal at weld joint. 

Planish girth weld seam. 

Final machine weld seam. 

Anneal membrane area (except bosses) 

Clean and inspect liner. 


Table 3 




failure generally occurred at thinnest section. 




































MECHANICAL PROPERTIES OF 6061 ALUMINUM LINER 
DOME SECTION, INITIAL ANNEALING PROCEDURE 
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MECHANICAL PROPERTIES OF 6061 ALUMINUM LINER 
DOME SECTION, MODIFIED ANNEALING PROCEDURE 
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ROOM TEMPERATURE MECHANICAL PROPERTIES OF 6061 ALUMINUM 
WELDED WITH VARIOUS WELD METALS 

(SPECIMENS STRESS RELIEVED AFTER WELDING: WELD BEAD LEFT AS-WELDED TO SIMULATE LINER WELD) 
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TENSILE PROPERTIES OF 2219-T62 TO 1100-H14 ALUMINUM EB WELDS 
(WELD TRANSVERSE TO SPECIMEN AXIS ) 
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TENSILE PROPERTIES OF 2219-T62 TO 1100-H14 ALUMINUM EB WELDS 
(WELDS LONGITUDINAL TO SPECIMEN AXIS) 
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Table 10 


All failures occurred in the 2219-T62 aluminum 



































PRESSURE VESSEL FABRICATION DATA 



Data not recorded 









































E BURST TEST DATA 



Table 12 


Leak type failure, value corresponds to maximum pressure. 




























































































TABLE 14 


MICROHARDNESS TRAVERSE IN FAILURE AREA, TANK BWB-2 
(BOSS B) AFTER 25 PRESSURIZATION CYCLES 




TRAVERSE A 

1 TRAVERSE B 


Dis tance 

From Failure Location 

1 

Knoop Hardness Number (50.gm load) 

Mils 

mm 

Traverse A 

Traverse B 

0 

0 

43 

43 

4 

0.1 

46 

44 
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0.2 

43 

46 

12 

0.3 

42 

43 

16 

0.4 

40 

46 

20 
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40 

46 

25 
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38 

43 

30 
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38 

41 
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42 
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1.7 

35 

57 

' Weld 
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58 
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63 

100 
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33 
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58 

130 
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59 < 

‘ Weld 
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3.8 
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58 
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4.1 

34 

108 
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33 

114 l 

2219 Al 

200 

5.1 

35 

108 

210 

5.3 


137 
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TABLE 14 (cont) 


Distance 

From Failure Location 

Knoop Hardness 

Number (50.gm load) 

Mils 

mm 

Traverse A 

Traverse B 

220 

5.6 


117 

230 

5.8 


117 

240 

6.1 


137 


1100 A1 2219 Al 

5/8 In. (1,59 cm) from failure Remote from Weld 


31 

30 

31 


145 

141 

149 


Table 14, 


Sheet 2 


METAL LINER FABRICATION DATA 














d 



1 





— 


— 





2? 







0 

0 



u 













3 } 



*3 


a 

•H 








s 









T~i 






41 



CO 











rl 



<U 



61) 


• d 




rl 

Si « 





3 





3 


00 

1* 

3J 


3 -3 

« 'O 


d 


u 

a 3 


d 











rl 


O 

G 

















d 

CO 

3 


60 


=*= H § 











w 





3 3 


3 

3 




3 

d 


00 d d 


G 


3 

G U 





CO 


3 



"3 

'O 

3 


0 




O 


00 

•rl CL 

S 





« s 

3 




G 

43 


d 

-H 





rl 


G 

S 

3 








CO 



4J 


•H 

41 





41 




d 







03 




10 

3 rl 

42 



m 












CO 


*3 


•3 

3 










U-i 

e 






£7. 


H 



3 


CO CO -rl 


•rl 


0 



rl 



•3 0 








S 


4J 


1 41 CM 




41 



U 



3 ^ 





3 




d 

.tf 

Ul Or 







45 




o 




'O 

O 

T— 1 


O 


3 

3 

rl g O 

43 



41 






s 

Ul 












as 3 M 
42 -U Ei 

•rl 

m 





Ul 









3 st 

44 

a 




rl 

to 
















CO 

y 



vO 

1 

4J 

co 

00 





00 


3 

O n 

3 








CM 



3 

ui 3 3 


d 





G 


O 

O W 

m 




E 

60 <M 

m 


rl 




O > 

O. 

•rl 





•H 




3 




3 


rl 

ji 





VO "rl 


Sc 



r-- 


S 



O' rl 





CO 

3 





O. 

*3 CO 


3 





3 



in 

•3 




o 

n 4= 4 : 




1 — 1 


rl >1 CO 










a 

c 





W O 


Of 

d 



d g 





Si 











E 

« a 

d 

d 

•rl 


42 

3 ? 

? -u 6 


-3 



-1 42 


•3 


S 

»i 0 







•rl 

*H 

1 


m 

h G 

Ul 















3 

tS 


*3 

m 


i 

3 

co 3 42 

d 

Sc 




S 



3 




O 

r-l 3 





us 

rl > 

vs u 


3 



(0 Ul 


3 


4J 


00 








4) 






41 



1 rl 


41 



1 u 





> 

3 O 

•rl 


s 



rl 

42 -H *3! 


d 




d 




> 






tj 


t! 


43 

S O 


d 

3 



rl 


3 







G 

4i 



■u 



41 1-1 

was 

•rl 

O 


1 


co 

0 



3 3“ 





■rl 

s • 


d 

d 


us 



ti 







1 






CO a 

B 

<y 

QJ 


O 

00 s 

U rl 


G 













TJ 

Pi to 

a 

E 




d 0 

'O rl 


3 



d rl 

25 

3 


in 










TJ 



•rl -rl 

3 to O 

3 


on 


rl rl 



00 


-1 d 





T—l 

3 

r- 

1-1 

d 


4) 

rl S 

41 M a 


CO 

d 


•H 


M 

d 


•rl 







•rl 


"3 

S 

O O. 

0 0 


B -o 


r-v 41 


y 

rl 


? rl 




o 


ui 




O 

3 U O 



41 

42 


Si 


4J 


z 1 





3 

CO M 



TJ 

O 


u T3 

41 O 41 

3 

rl 

to 

3 

*3 rl 

3 

rl 

W 

42 

►0 4J 

3 





45 

3 *3 



4) 

U 

0) 

3 

3 3 

41 

43 


d 

S *rl 

d 

42 

3 

O 

c d 42 




•tf 


u 

1 



O 


00 rl 

•3 Ul T3 



41 

•rl 

O 


O 

41 

e 

3 

VS 




s 

S 

s 


>rl 


Ul 

44 









s 




l 




3 

M 3 

d 

41 

a 

d 

O 

rl 3 

rtf *rf rl 

a. 

0*4«5 

Si 

3 Cu 


D.4«5 


3 3 

41 



e 

3 


•rl 

•H 

rl 

3 

u c 


H 



3 

Si 3 

s 



3 

S rl 

rl 




<u 

rl 

3 a 

1 

c 

4) 

4f 

G 

3 C 








O 


d 







*J 

s 310 

•rl 

Si 

Si 

« 

*3 3 

>3 CO co 

0 

S5 n 

Ui 

w ? Ul 

25 

rl 

0 

-w Ul 

P2 



■ 


vO 

vO 





rl 

CO 

BBS 


rl 

vf> 

co 

00 











St 

CO 





m 

CM 

mmM 


St 

CO 

CO 

st 


CO 

St 

St 

CM 




1 

1 

o 

O 





0 

O 

Ha 


O 

0 

O 

O 


O 

O 

0 

O 

















st 


ON 


m 



1 — 1 




■ 


rl 















■ — 1 

rl 

rl 

r-l 




■ 


O 

O 





0 

O 








0 

O 

O 

O 




■ 

g 
























•H 

o 

O 





0 

O 

0 


O 

0 

O 

O 


0 

O 

O 

O 






CO 

H 







m 


00 

00 

00 

rl 


CO 


00 








St 





St 

CO 

ImJ 


co 

CO 

CO 

n 


st 

St 

st 

CO 





1 

o 

O 





0 

0 

Ha 


0 

0 

0 

O 


0 

0 

0 

0 






it 

VD 





ON 

CO 



in 

in 

m 



r-'. 


ON 

m 







1 — 1 























O 

O 





0 

0 

•3 0 


0 

0 

n 



O 

0 

0 

0 





























•rl 

O 

O 





0 

0 

0 


0 

0 

m 

H 


O 

0 

0 

0 







vO 







Hi 


! 

m 

00 



rl 








_ 

U-| 

m 





in 

st 



El 

tu 

st 

m 


in 

m 

in 

st 





s 

O 

0 





O 

0 

H 


0 

0 

0 

O 


O 

<=> 

0 

0 
















■■ 










o 


o 


i— i 








ON 


El 

D 

ON 

rl 


O 

O 


00 














r-s rl 


Eal 

WZM 

rl 






rl 






o 

0 





O 

0 

*3 O 


M 


r*i 



O 

O 

0 

© 





c 


6 











H 








CO 

c 



rl 

o 





O 

0 

O 


O 

0 

E 

B 


O 

O 

0 

O 


























.tf 
























o 

rl 




41 

56 





41 

33 

wm 


S 

• 4 - 

00 

CO 

§ 


§ 

rl 

in 

3 

vO 

St 


H 



I 

o 

O 





O 

O 

Ha 


O 

0 

0 

0 


0 

O 

0 

O 


3 











CO 

r. a 


ON 


m 








G 




r-l 









rl 

rl 


rl 







•pH 




o 

O 





O 

0 

•3 0 


O 

O 

O 

O 


O 

0 

0 

O 


3 



•H 

o 

O 





O 

0 

0 


O 

O 

O 

O 


0 

0 

0 

O 


3 



■ 


















IS 


: k : 




Hi 

vO 

vO 






00 




CO 

co 





■9 







CO 

St- 





St 

CO 

1 CO 


CO 

CO 

CO 

CO 




Eg 



< 



LI 

o 

0 





O 

0 

• 0 


O 

0 

0 

0 






■ 



w 


st 

00 





vO 

in 



St 

CO 

CO 

in 


in 

co 

m 

CO 






i—i 

r — 1 






rl 



rl 


1 — 1 

• — 1 



rl 








o 

O 





O 

O 

•3 O 


O 

0 

0 

O 


O 

O 

O 

0 





5 

o 

O 





O 

O 

O 


O 

0 

0 

O 


O 

O 

O 

0 






CO 

f — 1 





CO 

00 



vO 

vO 

co 

vO 


vD 

CO 








CO 

St 





co 

CO 

na 


co 

CO 

CO 

CO 


co 

CO 

CO 

CO 





1 

o 

0 





0 

0 

IE 


O 

0 

0 

0 


O 

0 

0 

O 




Q 


CO 

vO 





m 

m 

m 


sf 


CO 

st 



CO 








1 — 1 

rl 






• — < 

rl 


rl 


rl 

rl 


rl 


rl 







o 

O 





0 

0 

^ O 


O 

0 

0 

O 










G 









"3 
















o 

O 





0 

0 

W O 


O 

0 

0 

O 


O 

0 

O 

O 





f 

o 

00 





vO 

0 

Hi 


CO 

0 

0 

O 





OO 






CO 

CO 





co 

CO 

Ik] 


co 

CO 

CO 

CO 


CO 

CM 

CO 

CM 





□ 

o 

0 





0 

0 

H 


0 

0 

0 

O 


O 

O 

0 

O 






CM 

10 





St 




CO 






, 








r-l 







rl 



rl 

rl 

rl 

rl 


rl 









O 

0 





0 

O 

*3 0 


O 

O 

O 

O 


































•H 

O 

0 





0 

O 

0 


O 

O 

O 

O 


O 

c 

0 

O 

























H 























43 























C /3 

Ul 























a 

<0 






















Ul 

bJ. 

B 43 

on 

CO 





tn 

r- 

m 0 


CM 

rl 

rl 

CO 


m 

CO 

ON 



i — l 





CO 





co 

00 





ON 








s 

3 

3 

SI 

O 

st 

St 





St 

co 

st st 


St 

CO 

CO 

st 


1 

H 

St 

CO 

















■ 























■ 


























H 




















■ 































i 


a) 





















41 

rl 

42 






















S 

B 


CO 










in 






CM 

ON 



3 

3 








rl 











P2 CO 

25 























S 





















Si 


3 





















<u 

rl 42 
















C! 


S 

















■ 





•H 


9 



=s 






d 

< 



< 


<3 


4J 

















_ 







L_ 






HI 

O 


Table 15, Sheet 1 


Data inadvertently misplaced 


















































































































































































































































Weights, Grams 

Filament Internal Cylinder Outside Diameter Vessel Overall Leng 

Vessel Winding Scrim Composite Volume Prior to Completed Prior to Completed 

Serial Sequence Metal System Roving Deposited Cured Material ~ I " Overwrap Vessel Overwrap Vessel 



Values based on an assumed scrim system (average) weight of 72 grams 


































TABLE 17 


VESSEL SERIAL NUMBER 

ASSIGNMENT OF VESSELS TO TESTS 

TEST ASSIGNMENT 


TEMPERATURE 

BURST 

CYCLIC FATIGUE 

A-l 

Liquid nitrogen 

X 


A -2 

Liquid hydrogen 


X 

A -3 

Ambient 

X 


A -4 

Liquid nitrogen 


X 

A -6 

Liquid hydrogen 


X 

A-9 

Liquid hydrogen 

X 


A-ll 

Ambient 


X 

A- 12 

Ambient 


X 

A-13 

Liquid nitrogen 


X 


Table 17 


TABLE 18 



Extensometer failure, no signal 































1 st cycle strain readings, see Figure 45 for extensometer locations 






















































































PRESSURE VESSEL PERFORMANCE FACTORS 
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Table 20 


Calculated volumes, data not recorded 



































OPERATING PRESSURE PERFORMANCE FACTOR, P Q V / W ( IN > x 10 


§► DASHED LINES REPRESENT SPHERICAL VESSELS 


SHADED AREA LINES REPRESENT CYLINDRICAL 


VESSELS (2=L/D = 10) 


S/HTS GLASS FILAMENT -WOUND VESSELS 
(WITH 0.006 IN. (0.152 mm) STAINLESS 
STEEL OR ALUMINUM LINERS) 


6 Al-AV TITANIUM 


(ANNEALED, ELI GRADE) 




301 STAINLESS STEEL 
(EXTRA FULL HARD TEMPER) 


INCONEL 718 (SOLUTION TREATED AND AGED) 

/ __ 2219 -T8 7 ALUMINUM 

'''' ^ / 6 A1-4V TITANIUM SOLUTION 

L. ‘ TREATED AND AGED 

\ ' SPHERES 
^ CYLINDERS 




NOTES 


1. NOMINAL FACTOR OF SAFETY - 1.5 FOR ALL VESSELS 


2. FILAMENT -WOUND VESSELS ASSUMED TO HAVE 4000 PSI (2760 N/cm ) 


OPERATING PRESSURE AND 20 IN. (50.8 cm) DIA 


OPERATING PRESSURE 


INTERNAL VOLUME, IN (cm ) 
VESSEL WEIGHT, LBS (GRAMS) 


OPERATING TEMPERATURE, F 


OPERATING TEMPERATURE , K 
Pressure Vessel Performance Factors 


Figure 1 


V/W (Joules /gram) 
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Figure 2 


Stress-Strain Characteristics of S-HTS Filaments 
and Ductile Aluminum Liner Materials 

















































Z. INTERPRET DRAW IMG PER MlL-OMQOO- 
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Fig. 7 1100 Aluminum Liner with Bonded Bosses (Engineering Drawing 




*'//?/ ’n/O/SIHaV 133d -J 



LO.J/A' ' NO/S3HOP 133d -J 


Figure 8 


0.010-in-thick 6061 Aluminum bonded to Glass Filament Composite; 

Adhesive Bond System: Adiprene L-100/Epirez 5101 /MOCA(80/20/1 7 pbw) with 

S-1 852-2-400 Nylon scrim cloth; Glass Filament Composite: Epon 828/Empol 1040/ 

DSA/BDMA( 100/20/1 15.9/1 .a pbw) impregnated in 181 glass cloth. 




Figure 9 

1100 Aluminum Liner Half Shell, 12-in.-dia. 





Figure 10 

6061 -T6 Aluminum Boss for 1100 Aluminum Liner 










Weld Joint Detail Evolution 
Figure 12 







Figure 13 

6061 Aluminum Liner Half Shell, Exterior View 



Figure 14 

6061 Aluminum Liner Half Shell, Interior View 



768-NF-1139 T6NSICE STg6'wGTH > I6 9 ps<l 
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Properties of 6061 Aluminum Liner Half Shell, Initial Annealing Procedure 

Figure 15 




Figure 16 

Section from 6061 Aluminum Liner Half Shell Showing Test Specimens 
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Figure 1 9 

Application of Longitudinal Windings to Liner 




Figure 20 

Winding 12-in.-dia. by 18-in.-long Mandrel 



Figure 21 

Application of Circumferential Glass Filament Winding to Liner 





Figure 22 

6061 Aluminum Lined Glass Filament-Wound Pressure Vessel 


CONVENTIONAL. DESIGNS 
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figure 23, Sheet 1 of 2 
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figure 23, Sheet 2 o£ l 




Schematic of Plastic Spring Bose 
(Hinge Boss) 


Figure 24 



Figure 25 


via zz i 



Matched-Rotation Flange Boss 
(Butt-Welded-Boss) 



Fig. 27 1100 Aluminum Liner, Hinged-Boss Configuration (Engineering Drawing) — Sheet 1 













Fig. 27 1100 Aluminum Liner, Hinged-Boss Configuration (Engineering Drawing) — Sheet 2 
















Fig. 27 1100 Aluminum Liner, Hinged-Boss Configuration (Engineering Drawing) — Sheet 3 
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Fig. 27 1100 Aluminum Liner, Hinged-Boss Configuration (Engineering Drawing) — Sheet 4 
















Fig. 28 1 100 Aluminum Liner, Butt-Welded Boss Configuration ( Engineering Drawing ) - Sheet 1 































Fig 28 1 100 Aluminum Liner, Butt-Welded Boss Configuration ( Engineering Drawing ) — Sheet 3 
























Aluminum-Lined Glass-Filament-Wound Vessel 

















Figure 30 

Drawn and Machined 1 100 Aluminum Halfshell Forming for Hinged Boss Liner 





Figure 31 

Boss, Flange, and Collar for Hinged Boss Liner 





Figure 32 

Flange and Drawn and Machined Halfshell Forming for Hinged Boss Liner 




Figure 33 

Flange Welded to Drawn and Machined Halfshell Forming for Hinged Boss Liner 




Figure 34 

Boss and Collar Welded to Flange of Hinged Boss Liner Halfshell Forming 




Figure 35 

Final Machined and Chemically Milled Liner Halfshell for Hinged Boss Liner, Exterior View 





Figure 36 

Final Machined and Chemically Milled Hinged Boss Liner, Interior View 



Figure 37 

Copper Girth Weld Backup Ring Assembly to Liner Halfshell 





Figure 38 

Liner Assembly in Position for EB Girth Welding 



Figure 39 

Completed Liner Assembly, Hinged Boss Configuration 



Figure 40 

Application of Longitudinally Oriented Glass-Filament Overwinding to Aluminum Liner 






Figure 41 

Application of Circumferentially Oriented Glass-Filament Overwinding to Aluminum Liner 






Figure 42 

Completed Aluminum-Lined Glass Filament-Wound Pressure Vessel 
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Fig. 44 Cryogenic Pressure-Test Facility 


Symbol Measurement 

P Supply Pressure 

p Specimen Pressure 

v 

T s Supply Temperature 

T Q Specimen Temperature 

SG^ Specimen Deflection, Hoop 

SG2 3 Specimen Deflections, Longitudinal 

TSGi 2 3 Deflection Beam Temperatures 



Fig. 45 Location of Instruments on Test Vessels 




Figure 46 

Post Test Photograph of Tank BWB-1 After Burst Test 





Pressure vs Strain for Tank BWR-1 Burst Test 


Figure 47 
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A3475 


4x 


Keller's Etch 

Figure 48 

Boss Cross-Section from Tank BWB-1 
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A3^73 Keller's Etch 4x 


Figure 51 

Bess Gress-Seetiee from Tank BlA/B-2 
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Figure 52 

View of Boss to Liner Transition of Tank BWB-2 Showing Local Thinning 
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Figure 53 

View of Boss to Liner Transition of Tank BWB-2 Showing Local Thinning 
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Figure 54 

View of Tank BWB-2 Section at Boss 
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Keller's Etch 

Figure 55 
EB Weld Joint 


box 




1169-NF-1374 



Figure 56 


Tank BWB-2 Microhardness Traverse in Failure Area 


PR£SSUQ£ , PS/G 



Pressure vs Strain for Tank BWB-3 Burst Test 


Figure 57 





Figure 58 

Boss Cross-Section from Tank BWB-3 
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Figure 59 

View of Tank BWB-3 Boss Weld Showing 2219 Aluminum Side of Weld with Hot Tear 

in Weld and Parent Metal 




00^0 Keller's Etch 100X 

Figure 60 

View of Tank BWB-3 Boss Weld Showing 1 100 Aluminum Side of Weld with Hot Tear 

in Weld Metal 










' : Xy : i4 








oo4i 


Keller's Etch 


T5X 


Figure 62 

View of Tank BWB-3 Boss Showing Localized Necking of 1 100 Aluminum 

in Failure Area 





0042 Keller's Etch 75X 

Figure 63 

View of Tank BWB-3 Boss Showing 2219 Aluminum Side of Weld 




Figure 64 

Post Test Photograph of Tank HB-2 After Burst Test 







Figure 66 

Cross-Section of Tank HB-2 Boss from Vessel Dome That Failed 
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Figure 67 

Cross-Section of Tank HB-2 Boss from Vessel Dome That Did Not Fail 
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Figure 70 




Figure 71 

Cross-Section of Tank HB-3 Boss from Vessel Subjected to Fatigue Cycling 



Figure 72 

Post Test Photograph of Tank HB-1 After Burst Test 
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Pressure vs Strain for Tank HB-1 Burst Test 


Figure 73 
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Figure 74 

View of Tank HB-1 Boss Showing Successful Operation of the Hinged Boss 





Figure 75 

Group of Completed 1 100 Aluminum Liners of Hinged-Boss Configuration, 

12-in.-dia. by 18-in.-long 
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Figure 77 

Buckles in Liner A-1 



Figure 78 

installation of Test Vessel in Holding Frame, With Instrumentation Attached 




Figure 79 

Vessel Holding Frame Positioned in Cryogen Filled Test Container 




Figure 80 

Post Test Photograph of Tank A-3 After Burst Test 
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Pressure vs Strain for Tank A-3 Burst Test 


Figure 81 


PPE3SUPE, M/a 



Figure 82 

Post Test Photograph of Tank A-1 1 After Cyclic Fatigue Test 
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Figure 83 
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Figure 84 

Post Test Photograph of Tank A-12 After Cyclic Fatigue Test 
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Figure 85 


Pressure vs Strain for Tank A-12 Cyclic Fatigue Test 



Figure 86 

Post Test Photograph of Tank A-1 After Burst Test 
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Pressure vs Strain for Tank A-l Burst Test 
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Figure 88 

Post Test Photograph of Tank A-4 After Cyclic Fatigue Test 
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Figure 89 


Pressure vs Strain for Tank A- 4 Cyclic Fatigue Test 



Figure 90 

Post Test Photograph of Tank A-13 After Cyclic Fatigue Test 
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ressure vs Strain for Tank A-13 Cyclic Fatique Test 



Figure 92 

Post Test Photograph of Tank A-9 After Burst Test 




Pressure vs Strain for Tank A-9 Burst Test 


Figure 93 
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Figure 94 

Post Test Photograph of Tank A-2 After Cyclic Fatigue Test 




Figure 95 

Post Test Photograph of Tank A-6 After Cyclic Fatigue Test 
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Figure 96 


Pressure vs Strain for Tank A-2 Cyclic Fatigue Test 
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Figure 97 


Pressure vs Strain for Tank A-6 Cyclic Fatigue Test 



Figure 98 

Typical Boss and Head-To-Cylinder Junction Specimens Taken from Tanks 





Figure 99 

Cross-Section of Hinged Boss, Exterior View 




Figure 100 

Cross-Sections of Hinged Boss, Interior View 
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Locations of Liner Failure Sites and Specimens Taken from Tanks for Analysis 


Figure 101 
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Photomicrographs of Tank A-3 
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Figure 102 


74X 


Aluminum 

Liner 




Longitudinal 

Windings 



Aluminum 

Liner 


12X 



Longitudinal 

Windings 


Aluminum 

Liner 


74 X 


Photomicrographs of Tank A-l 
Dome Cross Section Showing Liner Failure Site 


Figure 104 
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Photomicrographs of Tank A-ll 
Dome Cross Section Showing Liner Failure Site 
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Photomicrographs of Tank A -12 
Dome Cross Section Showing Liner Fracture Site 


Figure 106 
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Figure 107 

View of Tank A-1 1 Liner Failure Site, Looking from Inside Surface 





Figure 108 

View of Tank A-4 Liner Failure Site in Dome, Looking from Inside Surface 




Figure 109 

View of Tank A-4 Liner Failure Site in Cylinder, Looking from Inside Surface 
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Photomicrographs of Tank A-4 
Dome Cross Section Showing Liner Fracture Site 


Figure 110 







Figure 1 12 

Tank A-4 Boss Cross Section 
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Figure 1 14 

Outside View of Tank A-13 Head-To-Cylinder Juncture, 
Showing Filament-Wound Composite Craze Cracking 





Figure 115 

View of Tank A-2 Liner Dome Inside Surface Near Head-To-Cylinder Juncture 
Showing Fracture Site and Work Hardening in Liner 






Figure 1 16 

Tank A-6 Boss Cross-Section 
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Figure 117 


Hoop-Wound Glass-Filament Stress at Vessel Burst vs Temperature 
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Figure 118 


Longitudinally Wound Glass _ Filament Stress at Vessel Burst vs Temperature 
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Figure 120 


Longitudinal Filament Stress During Cycling vs Cycles to Vessel Failure 




Vessel Equivalent Uniaxial Strain Range During Cycling vs Pressure Cycles to Failure 
(1:1 Load Condition) Compared With 1100 Aluminum Low Cycle Fatigue Data 

(1:0 Load Condition) 


Figure 121 



APPENDIX A 


LINER MATERIAL CHARACTERIZATION ANALYSIS* 


I. 6061 ALUMINUM 

A. EFFECT OF POSITION IN PLATE ON PROPERTIES 

OF 6061-0 ALUMINUM 

To fabricate the ha If she 11s of the 6061 aluminum alloy liner with 
integral bosses, 1.00-in. thick 6061-T651 aluminum alloy plate was utilized as 
the starting material. In the fabrication of plate of this thickness, the 
effect of mechanical work is more pronounced at and near the outer surfaces. 

As a result, a variation in mechanical properties can exist in the plate bet- 
ween the outer surfaces and its center. Consequently, specimens of 0.020 in. 
thickness were taken from locations in a 1-inch thick plate ranging from 0.030 
to 0.270-in. from the plate surface to determine the effect of location on 
strength and ductility. Since the liner membrane was in the annealed condition, 
these specimens were annealed prior to testing. The anneal treatment utilized 
consisted of heating the specimens at 775°F for one hour, cooling in the fur- 
nace to 500 F at a rate not faster than 50 F per hour, and then air cooling to 
room temperature. 

The results of the tensile tests on the annealed specimens from 
various locations in tjhe thickness of the 6061 aluminum alloy plate are shown 
in Table A-l. Maximum ductility of 21.0 to 25.0% accompanied with a slight 
decrease in strength was indicated for the area at 0.210 to 0.270-in. below 
the surface. However, the material after annealing also provides adequate 
ductility from a depth of 0.030-in. to a depth of 0.150 in. (16.5 to 19.0% at 
75°F as compared to a minimum requirement of 10.8%). On the basis of ductility 
of 0.020 in. thick specimens, all positions in the plate which were evaluated 
possess adequate ductility. 

Micro examination of the annealed tensile specimens did not 
reveal any significant variation in grain structure due to the location in the 
plate. Likewise, macro and micro examinations of sections of both 6061-0 arid 
6061-T651 aluminum alloy plates failed to reveal any detectable variations in 
the grain structure through the thickness of the plate examined. Consequently, 
it was not possible to select an optimum location in the plate thickness for 
the liner membrane on the basis of grain structure variation. 

In the technique proposed to fabricate the liner halfshells with 
an integral boss, the desired location for the membrane portion was in the area 
not exceeding 0.125-in. below the surface of the plate. Since the tensile 
results in this area showed adequate ductility at 75°F, it was decided that the 
membrane section could be taken from an area not deeper than 0.125 in. below 
the plate surface. 


* Presentation of this investigation in both S.I. and English systems 
would reduce the clarity of this Appendix. The English system only 
is used. 
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B. SPECIMEN PREPARATION FOR SUBSEQUENT TESTS 

Specimens for evaluation of the parent metal were prepared in 
the following manner from aluminum alloy 6061 plate of 1.0-in. thickness in 
the T651 heat treated stress relieved temper. 

1. Material to a depth of 0.030 in. was removed from one 
surface of the 1.0-in. thick plate mechanically by means of a machining 
operation. 

2. Using a series of machining cuts, sufficient material 
was removed starting at the other surface of the plate to obtain a membrane 
of 0.030-in. thickness. 

3. Tensile specimen coupons 1-in. wide by 8-in. long were 
sheared from the 0.030 in. membrane material both longitudinal and transverse 
to the direction of rolling. 

4. A portion of the 0.030-in. membrane material was further 
reduced to approximately 0.010 in. thickness by means of mechanical machining 
operations. Tensile specimen coupons were then sheared from the 0.010 in. 
material in both the longitudinal and transverse directions. 

5. A second portion of the 0.030 in. membrane material was 
reduced to 0.020-in. thickness by the removal of 0.005-in. from each surface 
mechanically through machining techniques. An additional 0.005-in. was then 
removed from each surface by means of chemical milling operations to provide 
a membrane of 0.010-in. thickness. Both longitudinal and transverse tensile 
coupons were sheared from the 0.010-in. thick membrane material. 

6. The remaining portion of the 0.030-in. material was 
reduced to 0.010-in. thickness by the removal of 0.010-in. from each surface 
by means of chemical milling operations. Both longitudinal and transverse 
tensile coupons were sheared from the 0.010-in. membrane material. 

7. All tensile specimen coupons were then annealed at 775°F 
as specified in Specification MIL-H-6088 for heat treatable alloys. 

C. EFFECT OF THICKNESS ON PROPERTIES OF NON -CHEMICALLY 

MILLED 6061-0 ALUMINUM ALLOY 

is 

Two Portions of a 1-inch thick 6061-T651 aluminum alloy plate 
were machined to provide a membrane of 0 .030/0 .03 5 -in. thickness and a 
membrane of 0.012-in. thickness. The center of both membranes was located 
0.045-in. below one of the surfaces of the original plate. Both membranes 
were annealed at 775 F for one hour, cooled in the furance to 500 F at a rate 
not faster than 50 F per hour, and then air cooled to room temperature. 



Tensile specimens longitudinal and transverse to the direction of rolling of 
the original plate were prepared and tested for each membrane. 

The results of the tensile tests at 75°F on the annealed mem- 
branes are shown in Table A. The reported values for tensile and yield 
strengths for both membranes were substantially equivalent in both rolling 
directions. All values were well below the 22 000 psi and 12 000 psi 
specified as maximum for tensile strength and yield strength, respectively, 
in Specification QQ-A-250/11 for all thicknesses of 6061-0 aluminum alloy. 
However, the ductility of the thinner membrane, as measured by percent 
elongation in a 2-in. gage length, is significantly lower than that reported 
for the 0.036-in. membrane. The range of 14.0 to 17.57, for the longitudinal 
specimens and 10.5 to 13.0% for the transverse specimens indicates the 
membrane of 0.012-in. thickness may provide adequate ductility. Since a 
minimum of 10.8% at 75°F is indicated to provide enough liner ductility to 
achieve the full strength potential of the glass -filament -wound shell, the low 
values of 10.5 and 11.0% in the transverse direction could possibly make a 
membrane of 0.010 to 0.012-in. thickness marginal. 

D. EFFECT OF CHEMICAL MILLING AND ANNEALING PROCEDURE 

ON 6061 ALUMINUM ALLOY 

Two membranes 0.030-in. in thickness obtained in the manner 
described previously were further reduced to a nominal thickness of 0.010-in. 
using one or the other of the following processes: 

1. Removal of 0.010-in. from each side by means of chemical 

milling. 

2. Removal of 0.005-in. from each side mechanically by 
machining followed by removal of an additional 0.005-in. from each side by 
means of chemical milling. 

Tensile specimens cut from the 0.010-in. membranes were then 
subjected to two annealing procedures and tested at 75°F. One group of 
specimens was cooled from 775 F at the required rate of not faster than 50°F 
per hour to 500°F. The other group of specimens was cooled to 500°F at a 
considerably faster rate. The results of these tests are shown in Tables A-3 
and A -4. 


The specimens cooled from 775°F at the accelerated rate to 500°F 
were not completely annealed. Although the tensile and yield strength values 
were quite well below specification maximum allowables for annealed in accord- 
ance with the procedure specified in Specification MIL-H-6088 for the heat 
treatable alloys, a slight decrease in strength with an accompanying increase 
in ductility was obtained. The membrane chemical milled from 0.030-in. to 
0.010-in. thickness shows adequate elongation in the longitudinal direction 
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(12.0 to 15.0%). However, in the transverse direction, although a range of 
9.5 to 12.0% is indicated, the 9.5 and 10.0% values obtained on three speci- 
mens indicates that the membrane processed in this manner may possibly be 
marginal. The membrane obtained by^chemical milling from 0.020 to 0.010-in. 
thickness appears to be slightly better than the one obtained by chemical 
milling from 0.030 to 0.010-in. as indicated by more uniformly higher elong- 
ation values (15.0 to 16.5% in longitudinal specimens and 10.5 to 12.5% in 
transverse specimens) . 

The chemical milling solution apparently attaches the 6061 
aluminum alloy in a non-uniform manner as indicated by the notched-like edges 
shown in the micro-sections of Figures A-l and A-2 . In a thin membrane of 
0.010-in. nominal thickness, a significant thickness waviness or variation can 
occur due to intergranular attack which can result in a significant apparent 
reduction in the percent elongation in that area. This is indicated by the 
extremely low values shown for specimen H-9 of Table A-3 (7.0%) and for speci- 
men B-4 of Table A-4 (5.5%). 

When the material is chemical milled to a final membrane nominal 
thickness of 0.014 to 0.015-in., the increased thickness does not appear to be 
susceptible to the detrimental notch effect described above. Test results on 
specimens cut from 0.014-in. thickness membrane material reported in Table A-5 
provided adequate ductility in both directions (15.0 to 19.0% elongation for 
longitudinal specimens and 11.5 to 14.5% for transverse specimens). 

A summary of the effect of processing operations on the percent 
elongation of the 6061 aluminum alloy membrane is shown in Figure A-3. The 
extremely low values shown for the incompletely annealed transverse specimens 
establishes the necessity for close control of the cooling rate from 775°F in 
the annealing operation. The thickness effect at 0.010-in. can be critical 
as indicated by the marginal elongation values shown for the fully annealed 
transverse specimens resulting from the non-uniform attack by the chemical 
milling solution. A slight increase in the membrane thickness to 0.014/0.015- 
in. appears to provide adequate ductility in both the longitudinal and trans- 
verse specimens. 

E. PARENT METAL PROPERTIES AT 75, -320, AND -423°F 

Specimens were prepared by machining a 1-inch thick 6061-T651 
aluminum alloy plate to provide a membrane of 0 .030/0 .03 5 -inch thickness; the 
center of this membrane was located 0.045-inch below one of the surfaces of 
the original plate. The 0.030-inch membrane was further reduced to a nominal 
thickness of 0.010-inch by removal of 0.010-inch from each side by means of 
chemical milling. Tensile specimens were cut from the 0.010-inch membranes 
and annealed by cooling from 775°F at the required rate of not faster than 
50°F per hour to 500°F. 



The results of the tensile tests on the annealed membranes are 
presented in Table A-6. Average results and the range of values for tensile 
strength, yield strength, and ductility are plotted as a function of test 
temperature in Figures A -4 and A-5. 

At 75°F the tensile and yield strength values were quite well 
below specification maximum allowables for annealed material. Tensile 
strength increased from about 15 200 psi at 75°F to about 26 900 psi at -320°F 
and 45 600 psi at -423°F. Yield strengths were about 6 800 psi at 75°F, and 
8 800 psi at -320°F. They were not determined at -423°F. 

A minimum uniaxial ductility of 10 . 87» at ambient temperature and 
14.4% cryogenic temperatures was desired. Elongation (in 2 -inch gage length) 
for membrane chemically milled from 0.030-inch to 0.010-inch thickness shows 
adequate ductility in the longitudinal direction at 75°F (an average of 13.8%), 
at -320°F (an average of 21.7%) and at -423°F (an average of 24.7%). In the 
transverse direction, elongation (in 2-inch gage length) is possibly marginal 
at 75°F (an average of 10.0%); it is adequate at -320°F (an average of 14.7%), 
and at -423°F (an average of 21.57 0 ). 

Elongations over shorter 0.50 and 0.25-inch gage lengths are 
reported in Table A-6 for comparison with the elongation values over a 2.0- 
inch gage length. As shown there, for parent metal specimens elongations 
were generally about the same regardless of gage length. 

F. WELDED SPECIMEN PROPERTIES AT 75, -320, AND -423°F 

Test specimen membranes were prepared as described above for 
parent metal specimens. The membranes were sheared and joined using one of 
the weld procedures given below: 

TIG butt fusion welded (without filler wire) 

TIG butt fusion welded with 1100 aluminum filler wire. 

TIG butt fusion welded with 1100 aluminum filler wire, 
beneficiated after welding. 

The 1100 aluminum filler wire was used in some of the 6061 
aluminum weld specimens to improve weld joint ductility. Specimens were 
completely annealed after welding and benef iciations . 

TIG Butt Fusion Welded (Without Filler Wire) 

After these specimens were prepared, it was determined 
from bend tests that the weld joint was so brittle that tensile test evalu- 
ation was not warranted. 
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TIG Butt Fusion Welded With 1100 Aluminum Filler Wire 


Results from 75°F tensile tests of these weld specimens 
are summarized in Table A-7. The average ultimate tensile strength was about 
12 400 psi and the yield strength was about 6900 psi. Although very low 
values for elongation over the 2-inch gage length were obtained, it was 
observed that the weld joint (with the softer 1100 aluminum filler wire) - 
about 0.125-inch wide - was undergoing considerable deformation. Testing 
conducted later measured ductility in this area, and therefore elongation 
values in 2-inch length are for qualitative use only. 

No correlation could be established between weld x-rays 
and test results (e.g., low tensile strength of specimen FW-6 suggests 
presence of defect, yet x-ray showed this test specimen to be acceptable to 
the high standard imposed of no porosity greater in size than T/4 and no 
cracks or other propagating defects allowed) . 

3. TIG Butt Fusion Welded With 1100 Aluminum 

Filler Wire, Beneficiated After Welding 

Test results from this series of specimens are summarized 
in Table A-8. After low ductility values over a 2 -inch gage length were noted 
for specimens GW-1 through GW-5 and HW-1 through HW-5 in conjunction with 
observed local elongation of the weld joint (with the softer 1100 aluminum 
filler wire), it was decided to mark all remaining test specimens so that 
elongation over 0.50-inch and 0.25-inch (centered on weld joint) could be 
determined. Where this was done, it was established that the 0.125-inch wide 
weld joint was in fact undergoing considerable elongation; see data for 
specimens GW-6 through GW-11 and HW-6 through HW-9. Elongation over 0.25-inch 
(centered on the 0.125-inch wide weld) was two to four times as high as that 
indicated over a 2 -inch gage length. This effect is shown graphically in 
Figure A-6 where average elongation values for 2.0, 0.50, and 0,25-inch gage 
lengths are plotted. These data show that the weld joint is quite soft com- 
pared with the parent metal, and that elongation values over a 2 -inch gage 
length should not be used to evaluate the weld joint of the 6061-0 aluminum 
specimens welded with 1100 aluminum filler wire. The elongation data over a 
0.25-inch gage length was used instead for evaluation of the weldments. 

Average results and the range of values for tensile 
strength, yield strength, and ductility are plotted as a function of test 
temperature in Figures A-7 and A-8. Longitudinal grain direction tensile 
strength increased from about 14 200 psi at 75°F to 23 400 psi at -320°F, and 
32 000 psi at -423°F; in the transverse direction tensile strength increased 
from 10 300 psi at 75°F to 23 300 at -320°F. Yield strength values increased 
from about 6800 psi at 75°F to 10 000 psi at -320°F; they were not determined 
at -423°F. 



Elongation values (in a 0.25-inch gage length over the 
weld) were marginal at 75°F to -423°F. In the longitudinal direction, average 
values were 13.8% at 75°F, 11.3% at -320°F, and 14.3% at -423°F. In the 
trnasverse direction the values were 9.8% at 75°F, and 9.5% at -320°F. 

Comparisons of the data for welded and unwelded speci- 
mens showed that yield strengths were about the same. Tensile strengths were 
lower for the welded specimens at all temperatures, and range in strength 
values was much greater for the weldments. Room temperature ductility was 
about the same for both types of specimens, but at -320° and -423°F, the 
welded ductility decreased while the parent metal ductility increased. 
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II. 


1100 ALUMINUM 


A. SPECIMEN PREPARATION 

Specimens of 1100 aluminum were prepared to evaluate the effect 
of chemical milling and the liner thickness of 0.010 in. on the material 
properties and to evaluate parent metal and weldments over the temperature 
range of 75 to -423°F. The specimens were fabricated using simulated liner 
fabrication operations and sequence starting with materials in the same form 
and condition as will be used in liner fabrication. The starting material 
was aluminum alloy 1100 sheet of 0.125-in. thickness in the H14 cold worked 
temperature . 


Specimens for evaluation of the parent metal were prepared in 
the following manner: 

1, Material to a depth of 0.035-in. was removed from one 
surface of the 0.125-in. thick sheet mechanically be means of a machining 
operation. 


2. Using a series of cuts by means of machining operations, 
an additional 0.060-in. of material was removed from the other surface of the 
0.125-in. thick sheet. A membrane 0.030-in. in thickness remained from the 
original 0.125 in. thick sheet. 

3. Tensile specimen coupons 1-in. wide by 8-in. long were 
sheared from the 0.030 in. membrane material with the grain longitudinal and 
transverse to the direction of rolling. 

4. A portion of the 0.030-in. membrane material was further 
reduced to 0.010-in. thickness by means of mechanical machining operations. 
Tensile specimen coupons 1-in. wide by 8-in. long were sheared from this 
material in the longitudinal and transverse grain directions. 

5. The balance of the 0.030-in. membrane material was 
reduced to 0.010-in. thickness by removal of 0.010 in. of material from each 
surface by means of chemical milling operations. Tensile specimen coupons 
were then sheared from the chemically milled reduced material in both the 
longitudinal and transverse directions. 

6. All tensile specimen coupons were then annealed at 650°F 
as specified in Specification MIL-H-6088 for cold worked alloys to put the 
material in the -0 condition. 

A preliminary microscopic examination at 200X magnification of 
the edge of the chemical milled material in the unetched condition did not 
reveal any evidence 'of detrimental attack by the chemical milling solution. 



Further microscopic evaluation after etching and at higher magnification was 
subsequently conducted to definitely establish freedom from intergranular 
attack. 

B. EFFECT OF THICKNESS ON PROPERTIES OF NON-CHEMICALLY 

MILLED 1100 ALUMINUM 

Two portions of a 0.125-in. thick 1100-H14 aluminum sheet were 
machined to provide a membrane of 0.030 /0.035-in. thickness and a membrane of 
0.010-in. thickness. The center of both membranes was located 0.045 in. below 
one surface of the original sheet. Both membranes were annealed in accordance 
with the procedure specified in Specification MIL-H-6088 for non-heat treat- 
able aluminum alloys. Tensile specimens longitudinal and transverse to the 
direction of rolling of the original sheet were prepared and tested for each 
membrane . 

The results of the tensile tests at 75°F on the two annealed 
1100 aluminum membranes are shown in Table A-9. The ultimate tensile strength 
for both membrane thicknesses is substantially equivalent. However, the 
0.010-in. membrane showed a marked increase in yield strength as compared to 
that for the 0.035-in. nominal thickness membrane (approximately 5000 psi for 
the 0.010-in. thickness as compared to 2000 psi for the 0.035-in. thickness). 
The elongation in the transverse specimens was not significantly lowered by 
the reduction in thickness, with respect to the intended application. How- 
ever, in the longitudinal specimens, the elongation range for the 0.010-in. 
membrane was 12.2 to 16.0% as compared to 27.5 to 34.07 o for the 0.035-in. 
membrane. These reduced values are adequate since they are considerably 
above the desired 10.8% minimum. 

C. EFFECT OF CHEMICAL MILLING ON 1100 ALUMINUM ALLOY 

A membrane 0.035-in. in thickness obtained in the manner 
described above was further reduced to 0.010-in. nominal thickness by removal 
of 0.010-in. from each side by means of chemical milling. Tensile specimens 
were out from the 0.010-in. membrane, annealed, and tested at 75°F. The 
results of these tests are shown in Table A-10. 

The chemical milling operation did not appear to have a detri- 
mental effect on the 1100 aluminum. The elongation of all specimens was 
greater than the 10.87 o minimum desired (11.0 to 18.5% for the longitudinal 
specimens and 14.5 to 26.0% for the transverse specimens). 

A microscopic examination of the chemical milled 1100 aluminum 
membrane revealed the answer to the apparently better performance. The 
attack of the chemical milling solution is, in general, more uniform than 
was the case with the 6061 aluminum alloy (see Figure A-9). However, a 
slight localized intergranular attack may occur as shown in Figures A-10 and 
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A-ll. Because of the higher inherent ductility of the 1100 aluminum this does 
not appear to be as detrimental as in the case of the 6061 aluminum alloy. 

A summary of the effect of processing operations on the percent 
elongation of the 1100 aluminum alloy membrane is shown in Figure A-12. 
Although the reduction to 0.010-in. thickness results in a significant lower- 
ing of the percent elongation longitudinal to the direction of rolling, 
sufficient ductility remains to meet the desired minimum value of 10.8%. 
Because of its inherent ductility, chemical milling does not appear to have a 
detrimental effect on the 1100 aluminum material. 

D. PARENT METAL TESTS AT 75, -320, AND -423°F 

Specimens were prepared by machining a 0.125-inch thick 1100- 
H14 aluminum sheet to provide a membrane of 0.030/0 .03 5 -inch thickness; the 
center of this membrane was located 0.045-inch below one of the surfaces of 
the original sheet. The 0.030-inch membrane was further reduced to a 0.010- 
inch nominal thickness by removal of 0.010-inch from each side by means of 
chemical milling. Tensile specimens were cut from the 0.010-inch membranes 
and annealed in accordance with the procedure of specification MIL-H-6088 for 
non-heat -treatable aluminum alloys. 

The results of tensile tests at ambient and cryogenic temper- 
atures on the annealed membrane are presented in Table A-ll. Average results 
and the range of values for tensile strength, yield strength, and ductility 
are plotted as a function of test temperature in Figures A-13 and A-14. 

Tensile strength increased from about 12 300 psi at 75°F to 
about 24 300 psi at -320°F and 37 900 psi at -423°F. Yield strengths were 
about 5400 psi at 75°F and 6600 psi at -320°F. 

Elongation (in 2-inch gage length) for membrane chemically 
milled from 0.030-inch to 0.010-inch thickness showed adequate ductility over 
the temperature range. Average values in the longitudinal direction were 
15.87« at 75°F, 27.57« at -320°F, and 35.27o at -423°F. In the transverse 
direction, elongations were 20.3% at 75°F, 35.5% at -320°F, and 44.0% at 
-423°F. 

Elongations over the shorter 0.50 and 0.25-inch gage lengths are 
presented in Table A-ll. Gage length did not greatly affect measured elong- 
ation for the parent metal specimens. 

E. WELDED SPECIMEN TESTS AT 75, -320, AND -423°F 

The weld test specimen membranes were prepared as described 
above for the parent metal specimens. The membranes were sheared and joined 
using one of the procedures given below: 
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TIG butt fusion welded with 1100 aluminum filler wire. 

TIG butt fusion welded with 1100 aluminum filler wire, 
beneficiated after welding. 

The beneficiation process consisted of cold working the weld joint by seam 
rolling to restore as much as possible the original properties of the parent 
metal. After welding (and beneficiation where applicable) specimens were com- 
pletely annealed prior to testing using the same procedure as employed for the 
parent metal specimens. 

1. TIG Butt Fusion Welded With 1100 

Aluminum Filler Wire 

Results from 75°F tensile tests are summarized in 
Table A-12 . Average tensile strengths were 11 700 psi in the longitudinal 
direction and 12 800 psi in the transverse direction; yield strengths were 
4100 psi in the longitudinal direction and 3900 psi in the transverse direc- 
tion. About one-half of these welded specimens failed in the parent metal 
indicating good weld strength. 

For the specimens failing in the parent metal, average 
elongation over a 2-inch gage length was 16.7% for the longitudinal direction, 
and 19.9% for the transverse direction; these values are about the same as 
attained at 75°F for unwelded specimens. As discussed for 6061 aluminum, 
elongation measured over a 2-inch gage length for welded specimens is not con 
sidered representation, because of local high ductility in the weld joint. 
Although weld elongation data were not obtained for this set of specimens ovet 
a 0.25-inch gage length, it was determined over a 0.50-inch gage length 
(centered on the 0.125-ineh wide weld). For specimens failing in the weld 
area, average elongation over a 0.50-inch gage length was 12.7% for the longi- 
tudinal direction and 10.3% for the transverse direction. 

2 • TIG Butt Fusion Welded With 1100 Aluminum 

Filler Wire, Beneficiated After Welding 

Test results are summarized in Table A-13, and presented 
graphically in Figures A-15 and A-16. About three-quarters of these welded 
specimens failed in the parent metal, indicating good weld strength and the 
weldment improvement brought about through beneficiation. At -423°F, only one 
out of eight specimens failed at the weld joint. 

Average tensile strengths in the longitudinal direction 
increased from 11 200 psi at 75°F to 24 100 psi at -320°F and 39 300 psi at 
-423°F. In the transverse direction, the tensile strengths were 11 500 psi 
at 75°F; 22 800 psi at -320OF; and 38 700 psi at -423°F. Longitudinal yield 
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strengths were 4100 psi at 75°F and 7100 psi at -320°F. Transverse values were 
4100 psi at 75°F , and 6300 psi at -320°F. 

For specimens failing in the parent metal average longi- 
tudinal grain direction elongations in 2-inch were 17.9% at 75°F, 30.0% at 
-320°F, and 32.5% at -423°F; transverse elongations were 16.17„ at 75°F; 28.1% 
at -320°F; and 33.9% at -423°F. These values are close to those obtained for 
unwelded specimens. Weld elongation over at 0.50-inch gage length were ob- 
tained at 75°F; for specimens failing in the weld the elongation was about 
10.5% for the longitudinal specimens at 12.0% for a transverse specimen. At 
-320°F and -423°F, weld elongation data were obtained for a 0.25-inch gage 
length. Values at -320°F were 14.57 0 for longitudinal specimens failing in the 
weld and 14.0% for a single transverse specimen. At -423°F, only one weld 
failure was obtained. Elongation over a 0.25-inch gage length was 16.0%. 

A limited evaluation was conducted at ambient temperature 
of specimens with welds along their length parallel to the direction of load 
application; data are in Table A-13. Average ductility for these specimens 
was 16.5%. 
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All specimens fully annealed prior to testing 
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Table A-5 


All specimens were completely annealed 























MECHANICAL PROPERTIES OF 6061 ALUMINUM ALLOY AT 75, -320, AND -423 F 
COMPLETELY ANNEALED PARENT METAL (CHEMICALLY MILLED FROM 0.030- TO 0.010-in. THICKNESS) 
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MECHANICAL PROPERTIES OF 6061-0 ALUMINUM WELDMENTS AT 75 F, COMPLETELY 
ANNEALED, TIG BUTT FUSION WELDED WITH 1100 ALUMINUM FILLER WIRE (MEMBRANE CHEMICALLY 
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Table A-7 


H.A.Z. - Heat Affected Zone; At Weld = Weld or Heat Affected Zone 































MECHANICAL PROPERTIES OF 6061-0 ALUMINUM WELDMENTS AT 75 F, COMPLETELY ANNEALED 
TIG BUTT FUSION WELDED WITH 1100 ALUMINUM FILLER WIRE, BENEFICIATED AFTER 
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See Sheet 2 for footnotes 
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H.A.Z. = Heat Affected Zone; At Weld = Weld or Heat Affected Zone 
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MECHANICAL PROPERTIES OF 1100 ALUMINUM AT 75, -320, AND -423 F - 
COMPLETELY ANNEALED PARENT METAL (CHEMICALLY MILLED FROM 0.030- TO 0.010-IN. THICKNESS) 
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MECHANICAL PROPERTIES OF 1100-0 ALUMINUM WELDMENTS AT 75 F, COMPLETELY ANNEALED 
TIG BUTT FUSION WELDED WITH 1100 ALUMINUM FILLER WIRE (MEMBRANE 
CHEMICALLY MILLED FROM 0.030- TO 0.010-IN. THICKNESS BEFORE WELDING) 
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MECHANICAL PROPERTIES OF 1100-0 ALUMINUM WELDMENTS AT 75 F, COMPLETELY ANNEALED, TIG 
BUTT FUSION WELDED WITH 1100 ALUMINUM FILLER WIRE, BENEFICIATED AFTER WELDING 
(MEMBRANE CHEMICALLY MILLED FROM 0.030- TO 0.010-IN. THICKNESS BEFORE WELDING) 
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Figure A-1 





SECTION OF 6061 ALUMINUM ALLOY 0.010-IN. MEMBRANE 
SHOWING SOME SLIGHT INTERGRANULAR ATTACK BY CHEMICAL 
MILLING SOLUTION - ETCHANT - 10% NaOH 
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Figure A-3 


EFFECT OF PROCESSING ON ELONGATION OF 6061 ALUMINUM ALLOY (PARENT METAL) 
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TENSILE AND YIELD STRENGTHS OF 6061-0 ALUMINUM ALLOY PARENT METAL 
CHEMICALLY MILLED FROM 0.030 TO 0.010-IN. THICKNESS 
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ELONGATION Oh 6061 0 ALUMINUM ALLOY PARENT METAL, 
CHEMICALLY MILLED FROM 0.030 TO 0.010- IN. THICKNESS 
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figure A -6 


ELONGATION FOR VARIOUS GAGE LENGTHS 6061 ALUMINUM ALLOY 
WELD SPECIMEN GW-7 



TENSILE ANO YIELD STRENGTH OF 6061-0 ALUMINUM ALLOY. TIG BUTT FUSION WELDED 
WITH 1100 ALUMINUM FILLER WIRE, BENEFI GATED AFTER WELDING, CHEMICALLY 
MILLED FROM 0.030 TO 0.010-IN. THICKNESS 


Figure A-7 




Temperature, °F 


ELONGATION OF 6061-0 ALUMINUM ALLOY, TIG BUTT FUSION WELDED 
WITH 1100 ALUMINUM FILLER WIRE, BENEFIC1ATED AFTER WELDING, 
CHEMICALLY MILLED FROM 0.030 TO 0.010-IN. THICKNESS 
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SECTION OF 1100 ALUMINUM 0.010- IN. MEMBRANE 
SHOWING UNIFORM EDGE ATTACK BY CHEMICAL 
MILLING SOLUTION - UNETCHED 


Figure A-9 
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SECTION OF 1100 ALUMINUM 0.010-IN. MEMBRANE 
SHOWING EVIDENCE OF SLIGHT INTERGRANULAR ATTACK 
BY CHEMICAL MILLING SOLUTION - ETCHANT - 10% NaOH 
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Elongation , % in 2 inches 



EFFECT OF PROCESSING ON ELONGATION OF 1100 ALUMINUM 
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TENSILE AND YIELD STRENGTH OF 1100-0 ALUMINUM PARENT METAL, 
CHEMICALLY MILLED FROM 0.030 TO 0.010-IN. THICKNESS 


Figure A-13 
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ELONGATION OF 1100-0 ALUMINUM ALLOY PARENT METAL, CHEMICALLY MILLED 
FROM 0.030 TO 0.010- IN. THICKNESS 
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Temperature , ° F 


TENSILE AND YIELD STRENGTHS OF 1100-0 ALUMINUM, TIG BUTT 
FUSION WELDED WITH 1100 ALUMINUM FILLER WIRE, BENEFICIATED 
AFTER WELDING, CHEMICALLY MILLED FROM 0.030 TO 0.010-IN. THICKNESS 


Figure A-i5 


Weld Joint Elongation , % in 0. 50 or 0. 25 in. ( as noted ) 



ELONGATION OF 1100-0 ALUMINUM, TIG BUTT FUSION WELDED WITH 
1100 ALUMINUM FILLER WIRE, BENEFICIATED AFTER WELDING, 
CHEMICALLY MILLED FROM 0.030 TO 0.010-IN. THICKNESS 


Figure A-16 




APPENDIX B 


DESIGN ANALYSIS OF PRESSURE -VESSEL MEMBRANE, 
HEAD-TO -CYLINDER JUNCTURE, WINDING 
PATTERN, AND METAL BOSSES* 


I. CRITERIA 

Two l2-in.-dia. by 18-in. -long aluminum- lined glass -filament-wound 
pressure vessel designs were prepared in accordance with the criteria listed 
in Section II-A of the main text. 

II. DESIGN ALLOWABLE GLASS -FILAMENT STRENGTH 

Aerojet/SCI has developed a systematic approach to the design of 
filament -wound vessels (Reference B-l, B-2, and B-3) and is using it in a 
number of applications. The method . involves the use of pressurfe-vessel 
design factors, corresponding to a range of dimensional parameters, to deter- 
mine the allowable strength for each /configuration. The factors are based on 
data collected ov6r the past 7 years/from tests on several thousands of 
pressure vessels; these vessels ranged in diameter from 4 to 74 in. and had 
significant variations in their design parameters. Included as factors used 
for the selection of design-allowable values are the strength of the glass 
roving, resin content, envelope dimensions (length and diameter), internal 
pressure level, axial port diameters, temperature, sustained loading require- 
ments, and cyclic loading requirements. The method was used in this analysis 
to establish realistic values for the allowable ultimate 75°F S-HTS glass- 
filament tensile strengths in the 12-in.-dia. by 18-in. -long aluminum- lined 
filament -wound test vessel. 

A. LONGITUDINAL FILAMENTS 

The allowable longitudinal-filament strength is given by 

F f,l ‘ K 1 *2 K 3 K 4 K 5 (Sec2a ' ) F £ 

Symbols for this section are defined at the end of this 

appendix. 


Presentation of these calculations in both S.I. and English systems 
would reduce the clarity of this Appendix. The English system only 
is used. 
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The following design factors (Reference B-3) are based on 
the specific vessel parameters: 


Parameter 

D = 12.00 in. 
c 

D, /d =0.11 
d c 

L/D c = 1.5 
tf,l/ D c~ 0.00233 
T = T5°F 


Design factor 
0.815 (K x ) 
1.015 (K 2 ) 

1.000 (kJ 

0-920 (K 4 ) 

1.000 (k 5 ) 


a = 4° (from geometry of vessel) 

For S-HTS glass filaments, the minimum ultimate tensile strength, F_, 
415,000 psi. r 


is 


The single-pressure -cycle allowable ultimate longitudinal 
filament strength is therefore 

F f l = (0.815) (1-015) (i.ooo) (0.920) (1.000) (1.004) (415,000) 

= 316,000 psi 


B. HOOP FILAMENTS 


The allowable hoop-filament strength is given by 

F f,h = K 1 K 4 K 5 ^ 2 ^ F f 


The following design factors are based on the specific 


vessel parameters 

Parameter 

D = 12.00 in. 
c 

t fjh /D c ~ 0.00424 

T = T5°F 

a = 4° 


Design Factor 

0.890 (K-^) 
0.960 (k 4 ) 
1.000 (K $ ) 


The single-pressure-cycle allowable ultimate hoop filament 
strength is therefore 

F f,h = (°- 8 9°) (0.960) (1.000) (1.000) 1+15,000 

= 354,000 psi 
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III. MEMBRANE ANALYSIS 


A. METHOD 

The vessel shape and component thicknesses were established with 
the previously developed computer program for analysis of metal-lined fila- 
ment-wound pressure vessels (Reference B-4) . The program was used to investi- 
gate the filament shell by means of a netting analysis, which assumes constant 
stresses along the filament path and that the resin matrix makes a negligible 
structural contribution. The filament and metal shells are combined by 
equating strains in the longitudinal and hoop directions and by adjusting the 
shell radii of curvature to match the combined material strengths at the 
design pressure. 

The program established the optimum head contour and defined 
the component thicknesses and other dimensional coordinates, as well as the 
shell stresses and strains at zero pressure and the design pressure, the 
filament-path length, and the weight and volume of the components and complete 
vessel. It was also used to determine the stresses and strains in the two 
shells during vessel operation through the use of a series of pressures and 
temperatures . 


B. COMPUTER INPUT AND OUTPUT 

Input variables used for the computer pressure vessel design 
analysis are presented in Table B-l. The computer output described the 
pressure vessel membrane shape, component thickness and weights, and stress 
and strain conditions. The portions of the liner configuration and pressure 
vessel configuration dealing with the pressure vessel membrane are taken from 
the computer output, except as noted below. 

The longitudinal filament -wound composite thickness requirements 
computed for the test vessels, based on a minimum allowable ultimate longi- 
tudinal filament stress of 316,000 psi and a design burst pressure of 3000 
psig at 75 F, are the following: 

Longitudinal Filament -Wound 0.042 in. 

Composite Thickness in Cylinder (t ) 

lj 

Equivalent Filament Thickness in 0.028 in. 

Longitudinal Direction of Cylinder (t f 1 ) 

The computerized analysis used the same allowable for the hoop 
filaments as for the longitudinal filaments (i.e., 316,000 psi), and the hoop 
filament -wound composite thickness requirements were computed to be the 
following: 
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0.084 in. 


Hoop Filament -Wound 

Composite Thickness in Cylinder (t^) 

Equivalent Filament Thickness in 0.057 in. 

Hoop Direction of Cylinder (tf 

Because the actual hoop filament minimum allowable ultimate 
stress, Ff is 354,000 psi, the hoop wound composite thickness from the com- 
puter analysis, tjj, was reduced to bring the hoop filament stress up to 
354,000 psi in order to obtain a balanced design with equal probability of 
failure in the hoop and longitudinal filaments. The load carried by the hoop 
filaments of the computer analysis is 


F f h t R - (316,000 psi) (0.084 in.) 

I 

The new hoop-wound composite thickness, tjj, required to develop 
a stress in the hoop filaments of 354,000 psi is given by 


* _ 316,000 
» 354,000 


(0.084 in.) 


0.075 in. 


This hoop-wound composite thickness is reflected in the vessel 
design shown in Figure 7 of the main text. 


IV. HEAD-TO-CYLINDER JUNCTURE DISCONTINUITY ANALYSIS 


A . OBJECTIVE 

The purpose of this section of the report is to provide a dis- 
continuity stress analysis of the head-to-cylinder juncture to establish the 
validity of the design shown in Figure 7 of the main text. 

B. SUMMARY 

Only the section at the juncture of the head-to-cylinder, shown 
schematically in Figure B-l, was considered in this analysis. Calculations 
indicate a maximum longitudinal composite stress of 213,300 psi (filament 
stress of 318,500 psi), which is 0.8% greater than the allowable design stress. 
This stress occurs in the cylindrical* section approximately 0.1 inch from the 
tangent plane. 

C. ANALYSIS 


Since the meridional radius of curvature of the head changes 
very slowly in the area adjacent to the juncture of the head and cylinder, 
the head may be considered cylindrical at the discontinuity. Equations for 
the deflection and rotation at the head-cylinder juncture are taken from 
Reference B-5, cases 14 and 15, page 302. The deflection of the cylinder is 

~ c V M 

6 C = o c - o - o_ 

P 2D X 3 2D X 2 
c c c 

and, the rotation of the cylinder is 


B-h 



14 


a _ v -■ 

°c ~ 2D X _2 


c c 


D c X c 


Deflection of the head is 

8 , = 8 


V. 


M. 


hp 2D h X h J 


2 Vh 2 


and, the rotation of the head is 

= 2D h X h 2 


M. 


D h X h 


The following relationships are used to adapt the deflection and rotation 
equations to filament -wound cylinders: 

1. Composite Beam Properties 

a . Modulus 

v The composite modulus in the longitudinal 


direction is 


E, 


\l \ + \ + hi 

*L + \ + \ 


where. 


V L 


= 0.042 in. (from Figure 7 of main text) 

- 0.010 in. 

tg = 0.075 in. (cylinder only, Figure 7 of main text) 

E tjt = 0.0 (resin crazes) 

The modulus of the longitudinal composite in the longitudinal direction (E tt ) 
is calculated from the following expression 

2 

E^_ = P E_ cos a 

LL vg f o 


and with 
E f 
P vg 


12.4 x 10° psi (S-HTS glass filaments) 
0.673 
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a Q = 5-82° ( from computer analysis) 

E ll = 0.673 ( 12. 4 x 10 6 ) (0.9956) 

= 8.313 X 10 psi 

Since the liner is strained beyond its yield stress, an effective modulus, 
based on total vessel strain, is used for the liner. 


E. 


Where, 


M 

°f ,1 


E = a fi- u ) 
LM M v M ' 


= O.325 for aluminum 




316,000 psi for S-HTS glass filaments at 3 000 psi 
internal pressure 

13,400 psi (from computer analysis) 


E. 


'LM 


13,1.00 (1-0.325) 


= O.355 x 10" pci 

The composite modulus in th~ longitudinal direction for the cylinder is 

E 8.313 x 10° (0.42) + 0.355 x IQ 6 (O.OIO) 

c 0.042 + 0.010 + 0.075 


and, for the head 


E. 


,L h 


2.777 x 10 psi 


8.513 x 10 6 (0.042) + 0.355 x 10 6 (0.010) 
0.042 + 0.010 


= 6.783 x 10 psi 

The composite modulus in the hoop direction is 


E„ = Vh * W - 1 - Vl 
\ + + *11 


B-6 



where, 


P E_ 
vg f 


= 0.675 (12.4 x 10°) 
= 8.55 x 10 6 psi 


and 


* 10 . “ 


KE_ sin a 
f o 


= O.673 (12.4 x 10°) (0.00443) 

= 0.037 x 10 6 psi 

The effective modulus of the liner in the hoop direction is 

/e„ 


EjjM = % (!" 


f,hj 


with, 


E m 


354,000 psi for S-HTS hoop glass filaments at 3000 psi 
internal preeauco 


13,400 (1 - 0.325) ( i f^foo 2 “ ) 


j6 


» 0.317 x 10" psi 

i'he composite modulus in the hoop direction for the cylinder is 

Eg _ 8.35 x 10 6 (0.075) + 0.317 x IQ 6 (O.OIO) + 0.037 x IQ 6 (0.042) 

c ” 0.042 + 0.010 + 0.075 

= 4.968 x 10^ psi 

and, for the head 


3l 


0.317 x 10 6 (0.010) x 0.037 x 10 6 (0.042) 
" 0.042 + 0.010 


= 0.091 x 10 psi 
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b. 


Neutral Axis 


The neutral axis of the cylinder is 

- E T,I. t r, + Et^y 2 / 2 

C ' (t L + *M + V E L 

C 


Y = 


8.313 x IQ 6 ( 0 . 0b2 ) ( 0 . 031 ) + 0.355 x 10 6 (0.01) 2 /2 
0.127 (2.777 x 10°) 


Y = 0.031 in. 

c ^ 


and, for the head 


- _ ElA^M + *l/ 2 > + E m (t M ) g /g 


\ + *1) e l 


h 


8.313 x 10 6 ( 0.042) (0.031) + 0.355 x 10 6 (0.01) 2 /2 


0.052 (6.783 x 10 ) 


Y. = 0.031 in. 


c . Flexural Rigidity 

The flexural rigidity is calculated from the 
E L 1 = 12 + f 'L E LL + f 'H^ E Lk) 

+ *M l f V 2 ] E m + \ |7-(*m + V 8 >] *11 

+ + \ + V 2 >] E^ 

Since Y c = Y^, the head and cylinder flexural rigidities are 


equation 


D = 


n - n (0.01) 3 0-355 x IQ 6 + (0.042) ? 8.313 x IQ 6 
c u h “ 12 

+ 0.01 (0.031-.005) 2 O.355 x 10 6 = 53-753 lb-in. 
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d. Stiffness 

The modulus of the beam foundation (stiffness) 


is 


k = 


E H (t L + - 1 - *8^ 

B „ 2 


where. 


For the cylinder 


Eg = R = 6.00 in. (ffom computer analysis) 


k = 


4.968 x 10 (0.127) 


and for the head 


*h " 


For the cylinder 


and for the head 


A* = 
h 


(6f 

17,530 lb/in. 5 

0.091 x 10 6 (0.052) 

( 6) 2 

131.4 lb/in. 5 
e. Beam Characteristic 

The beam characteristic (A) is defined to be 

A^ = * 

4d 

17,530 n-i „ . -1 

4 .755 )' = 8l * 55 in ‘ 


= °‘ 6111 in - 
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2 . Radial Membrane Deflections 


a . Cylinder 


C e ~ E H <*M + *L + V 


E&. 


With p = 5000 psi 


b . Head 


H 


With l/R^ = 0.331 in." 1 


3000 (6 Y 

z 


'p 4.968 x 10 (0.127) 


= 0.1712 in. 


PE 2 (2 - E 2 /b x ) 

+ y 

h 


H 


3000 (6) 2 [2-6(0.331)] 
p 2(0.091 x 10 6 )(0.052) 

= 0.1598 in. 

Discontinuity Forces and Moments 


a. Head -to-Cylinder Juncture 


The discontinuity force and moment at the 
juncture of the head to cylinder may be found by matching head and cylinder 
rotation and deflection. The deflection of the cylinder is 

V o M o 

S c = 0.1712 - 2 (53 *75) (27. 13) " 2(53 *75) (9- 029) 

§ c = 0.1712 - 0.00034 v o - 0.00103 m q 


and the rotation of the cylinder is 


V M 

o o 

d c ' 2(53. 75)(9. 029) + 53*75(3*005) 

d = 0.00103 V + 0.00619 M 

c o o 
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The deflection of the head is 


S h ~ 0,1598 + 2 (53. 75) (0.6912) “ 2(53. 75 HO. 7^17 ) 
S h = 0.1598 + 0.01345 V q - 0.1190 M q 

and the rotation of the head is 

V M„ 

a 0 0 

% ~ 2(53. 75)(o. 7817) ' 53*75(o.68^l) 
d h = 0.01190 V Q - 0.02104 M o 

Equating rotations and deflections yields 

I 0.01190-0.00103 \ „ 

M o = 1 0.00619 + 0.02104/ V o 

M q = 0.39919 V q 

and 

v (0*1712-0.1598) + ( 0.01190-0. 0010^ M n 

o _ O.OI345 + O.OOO34 

V = 0.82668 + 0.78825 M 

o o 


Simultaneous solution of the two equations yields 

.. 0.82668 

V o = 1-0 . 39919(0 . 7®2 5) ~ 1-206 lb / in * 

and 

M Q = 0.39919 (1.206) = 0.481 in. -lb/in. 
b. Bending Moment Distribution 


The bending moment distribution in the cylinder, 
including the moment due to shear, is calculated from the expression 

x 7 

M (Y) = e "V cos A Y + (M + ~) sin A y1 

c ' 1,0 c o A cj 


and for the head 


\( Y ) » e \i Y ^M q cos A^Y + (M q - j~) sin A^y] 
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Results of calculations based on these equations are shown in Figure B-2 . It 
can he seen that the maximum bending moment occurs in the cylinder approxi- 
mately 0.10 in. from the tangency plane. 

4. Maximum Stress 


The maximum stress occurs in the longitudinal com- 
posite and is a combination of membrane and bending stresses. The longi- 
tudinal composite stress resulting from pressure is 


where, 


= P or a COS U 
LL vg f,X O 

y 

°LL = 0.673 (316, ooo)(o. 9955 ) 

*• \ 

= 211,600 psi 


The maximum tensile bending stress in the outside fibers of the longitudinal 
composite is 


LLb = 


E t t 
My ll 

I e t 

c L *c 


ME _ 

-5^ (Y ' V 


(T 


LLb = 


0.535(8.313 x 10 )( 0.031-0. 010) 
53-75 


°LLb = 1740 psi 


and the maximum ccanbined (tensile) stress is 

ct LL 

°"ll 

^LL 

This longitudinal composite stress is equivalent to a longitudinal filament 
stress of 318,500 psi, which is 0.8$ higher than the 316,000 psi allowable 
stress used for computer analysis of the membrane. 

V. WINDING PATTERN ANALYSIS 

The filament -wound vessel has two winding patterns: a longitudinal- 

in-plane pattern along the cylinder and over the end domes to provide the total 


= % + 0ll b 
= 211,600 + 1740 

= 213,340 psi 
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filament -wound composite strength in the heads and the longitudinal strength 
in the cylindrical section; and a circumferential pattern applied along the 
cylinder for hoop strength in this section. 

The "winding pattern for the pressure vessel requires the applica 
tion of a specific quantity of glass roving in predetermined orientations in 
order to obtain the desired burst pressure. The pressure vessel membrane 
analysis of Section III-B showed that the required filament -wound composite 
and equivalent glass -filament thicknesses are the following: 


Longitudinal filament -wound composite 
thickness in cylinder 

Equivalent filament thickness in 
longitudinal direction of cylinder 

Hoop filament -wound composite thickness 
in cylinder 

Equivalent filament thickness in hoop 
direction of cylinder 

A . LONGITUDINAL PATTERN 


Thickness, in. 
0.042 

0.028 

0.075 

0.051 


The pattern is analyzed here on the basis of actual winding 
data and laboratory tests of glass roving and composite specimens, which have 
shown that a cured single layer of 20-end roving created by side-by-side 
orientation has a thickness (t -■ ) of 0.007 in. 

S,1 

The required number of layers of longitudinal winding (L^) 
to make up the longitudinal composite thickness (T r ) is given by 

Li 

T L 0.042 ^ „ 

l l = t“7 = 0^07 = 6 layers 

S,1 


Two layers are formed for each revolution of the winding 
mandrel. The number of revolutions required (N^ ) is therefore 


N, 


^ = 2 ~ 3 revolutions 


The winding -tape width (W^) is given by 


N 2 A 

W L = t Tp 

s,l vg 
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where 


Ng = number of 20-end roving strands per tape, selected as 3 

S p 

A = cross section of 20-end roving = 420 x 10"° in. 

P = glass -filament fraction in composite = 0.673 

v o 


Thus, 


■ mmh 1 - - 


The number of tunas per revolution (H^) must be an integer, and is given by 

it D cos a 
c 

N-. = — — — to the nearest integer 

3 W T + €. 


where 


D = vessel diameter = 12.00 in. 
c 

a = longitudinal in-plane winding angle = 3 - 82 ° 
e = space between tapes (which should equal zero) 


Therefore, 

it (12.00K0.998) „ „ , ... 

1 — o ' 268 ' = turns per revolution 

B . Hoop Pattern 

The required number of layers of hoop winding to make up 
the hoop composite thickness (t ') is given by 

n 


^ = 


“H 


"s,h 


where 


t = thickness of single cured layer of hoop winding 

S y il 


In this case t may be set equal to 0.0075 in. 
s,n 

Then 
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0.075 

0.0075 


10 layers 


^ - 


The number of turns per inch of cylinder length (N^) is given by 


N 


5 


L 


c 


t . P 
s,h vg 

\ A 


where 

L c = cylinder length, selected as 1 in. 

= number of 20-end roving strands per tape, selected as 1 

then 

u 0 (i. oo) (0.0075) (0.673) 

5 (1) (420 x lo' 6 ) 

= 12.0 turns per inch layer. 
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vi. design analysis of boss 
A . CONFIGURATION 

The metal boss is fabricated from aluminum alloy 6061-T6. The 
significant dimensions of the boss for this analysis are given below (only 
one side of symmetrical boss shown) . 





B 


MATERIAL PROPERTIES 

Aluminum alloy 6061-T6 has the following design strength 


properties: 


Strength, psi 




-320°F 

-423°F 

Ultimate, F, 

’ tu 

42,000 

54,000 

64,000 

Yield, F 

ty 

35,000 

41,000 

48,000 

Shear, F 

su 

27,000 

35,000 

42,000 


C. DESIGN CRITERIA 

The metal boss is to be capable of sustaining the design 
burst pressure of the aluminum- lined filament-wound tank 

at 75, -320, and -423°F service temperatures. The design burst pressures (p^) 
are 3000 psi at 75°F, 3750 psi at -320°P, and 3750 psi at -423°F 

D. ANALYSIS 

Two separate analyses were performed on the boss to insure 
positive margins of safety at all sections of the boss. 

1. Flange 

The maximum stress in the flange is determined by using 
the conservative assumption that the flange is a flat plate with a concentrated 
annular load and a fixed inner edge (the body). 

/ BOSS FLANGE 


N-bcdy 

w 




The end-for-end wrap pattern of the longitudinal filaments 
produces a rigid band around the boss that supports the flange. The load applied 
(W) is the reaction of the boss flange bearing against the composite structure. 
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The total load is therefore equivalent to the pressure acting over the area 
within the reaction circle. The diameter at which the load is assumed to 
act ( D w ) is (from Reference 3 ). 

D » - (1 + ‘f,l> ”o + 2 ' 5 W L 


where „ 

G-p 1 , 

€„ = " ■ = filament strain at ultimate stress, in. /in. 

f , 1 h„ 


cr = ultimate filament strength, psi = 316,000 psi at 75°F, 
and 395,000 psi at -320 and -423°F 

E = filament modulus, psi = 12.4 x 10^ psi at 75°F, and 

I 13.6 x 10 6 psi at -320 and -423°F 

¥ = filament-winding tape width ( 0.268-in.) 

II 

The bending stress at the juncture of the flange and boss (< 
is calculated in accordance with formulas for loading on a flat plate (Reference 


Case 22, p. 20l): 



where 


¥ = 


* V 


9 


w 


22 


- 1 


t = flange thickness, in. = 0.392 in. 

Room Temperature Condition (75°F) 


a. 


E f,l 


D 


w 


22 


E, 


^ - S^IO* - 2.55 x TO'* in . /in . 


= (l + .0255) 1.190 + 2.5 (.268) 

. i , 8417 lba 

4 

■ iu£> - 1 - °- 588 


1.890 in. 
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The bending stress is 


_ 0 . 58 . 8 , ( 8 4 , 17 ) _ 


(0.392 j 2 


= 32,210 psi 


and, the margin of safety (M.S.) is given by 

F, 


M.3. 

M.S. 


' tu 


- 1 


u b 

42.000 


- 1 = + 0.30 


*f,l 


w 


W 


32,210 

b. Cryogenic Temperature Condition (-320°F critical) 

= ^55 i. QQ° 6 = 2.90 x 10“ 2 in. /in. 

13.6 x 10 

= (l + .0290) 1.190 + 2.5 (.268) = 1.895 in. 

= » . 10 , 576 lb . 


22 


1*825. i 

1.190 


0.592 


The bending stress is 

a b . - 40,750 psi 


and, the margin of safety is 


M.S. 


54.000 
" 40,750 


+ 


2. Body 

The body of the boss is analyzed by separation into three 
circular free bodies subjected to the loads and bending moments shown in Figure B-3. 
The equations for the rotation and deflection of each free body are written, and 
the discontinuity stresses at the free body junctures are established. It is 
assumed that the critical stresses will occur at the room temperature condition. 

This assumption is justified by the fact that the load increases less than the 
material strengths at cryogenic temperatures. 
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a. Plate Distortion 

The plate is assumed to be simply supported 
along the outer edge and loaded by a uniform pressure (p), uniform load along 
the inner edge (P ), and uniform edge moments (m). 

y i 

The rotation (Reference B-5pases 13* 14 and 25* p. 242) 


is 


8 . iuJ' V + *H Fa B 

* " M P 5 E V 


h<i ”i \ 
at 3 

p 


where, the coefficients (X's) are a function of the radius ratio 


In _ 0*245 _ , 7 o 

b _ 0.25 “ 5 * 78 


and, from p. 241 of Reference B-5 

X 13 = 1.250 - .78 (1.250-1.007) = 1.092 

X 14 = 1.238 - .78 (1.238-1.082) = 1.116 

X 25 = 5.52 - .78 (5.52-4.08) = 4.40 


With, 

p - 3000 psi 

E = 10 x 10® psi (for aluminum) 

t = 0.392 in. 

t = 0.125 in. 

c 

r = b + t /2 = 0.25 + 0.0625 
o c 

= 0.3125 in. 

P = P (2irr ) = nb 3 p = rr (.25) 2 (3000) 

y o 

= 589 lb. 
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the rotation of the inner edge of the plate is 


0 p = 167 ^ 0 . 392)3 [1-092 (3000) (0.945 ) s + 1.116 (589) - 4.40 Mj 
0 = [5621 - 6.904M X ] x 10 ~ 6 

Jr 

The radial deflection of the plate is small and 

will be neglected. 

6=0 

P 

b. Ring Distortion 

The ring is assumed to be subjected to a uniformly 
distributed twisting couple of in. -lb. per linear in. which causes the ring 

to rotate about its centroid through an angle 
M r x 3 

0 = — Reference B-5, p. 178 

r ciX 

r 

The bending moment is 

M t r x = M x r x - (M q • V y Q ) r Q 

and, assuming the ring to be oi rectangular cross section with a width which 
is not small in comparison to the radius, the moment of inertia is 


(3r p ) 3 In (r ? / b) Reference B - 5 } p . 179 


12 


The rotation becomes 


e r = w 7 y la (r s /b) f M » r > ‘ (M o ' V o y o ]l o 1 


and for 

r x = 0.4225 in. 
y Q = 0.25 in. 
r 3 = 0.595 in. 
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[.4225M* - 


a _ U. j.4225 ) 

°r " 8 x 10? (,25) 3 In ( ^21 ) 

.25 ' 


.3125 (M q - .25V q ) ] 


6 m [1.977M1- 1.462M + 0.366V ] x 10 
r i 0 o 

The radial deflection of the plate is the sum of the deflections due to pressure 
and rotation. For the upper edge 

<5 = 6 + y 6 

r p 0 r 

and for the lower edge 

6 = 6 - y 6 = 0 

p J o r 

therefore, the deflection of the upper edge of the ring is 

6 = 2y 0 = 0.56 

r or r 

c. Cylinder Distortion 

The cylinder is thick-walled and subjected to 
pressure (p) and uniformly distributed continuity forces (V Q ) and moments (M q ) . 
The rotation ( Reference B-5 , Cases 14 and 15, p. 302) at the lower edge is 


a _ k 

c " 2X 3 D + X D 
c c c c 


Where, 


n _ V _ 1 0 7 ( . 125 ) 3 

c “ 12 (l-i/9 ~ 12 (.91) 


D = 1.789 x 10 3 

c 


r 3 t 3 
o c 


Ll-S.i.), __ 

.3125 ( .125) j 3 


X 4 = 1.784 x 10 3 

c 


Xl = 42.24, X^ = 6.499 

c c 
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Therefore 


V M 

A O o 

c = 2 (42.24) (1.789 X 10 3 )~ + 6.499 (1.789 x 10 3 )" 

6 = T 6.617 V + 85.98 M ] x 10 -6 

c o 0 

The radial deflection (Reference B-5Pases 14, 15 and 35, 
p. 302 and 308) at the lower edge ia 


6 = Ab - 


Where, 


Ab = 


*b 

*b 

Therefore 

8 


M 

o 

c c 


2X ? D C 


sk 

E 


f 


+ b a , 2 

_____ _ „ (____ 2 _ ]_)] 

C 

r ( Q75) a ± U .25).. 5 _ 7 v 

1 (.375) 2 - (.25) 2 * 2 H.375) 3 - (.25) 2 


a 


5000 (.25) 
10 7 


= 0.199 x 10" 5 in. 


- 1 ) ] 


M V 

_3 0 0 

0.199 x 10 .7X42. 24) (1.789 x 10 s ) ' 2 (274.5) [1.789 x 10®) 


[199 - 6.617M q - 1.018V q ] x 10' 


-6 


d. Discontinuity Forces and Moments 

Equating the rotation and deflection of the upper 
edge of the ring to the lower edge of the cylinder, and the lower edge of the 
ring to the upper edge of the plate yields three equations for the calculation 
of discontinuity forces and moments. 

M, = 44. 2M + 3.162V 

* 00 

M = 35.8 - 0.204V - 0.168M, 

o o 1 

V Q = 15,360 - 24.27M X + 3.995M q 
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The simultaneous solution of the three equations yields 




M 


o 


V 

o 


1708 - 855 
2.635 - 1.568 ~ 

1.368 (673) - 855 


673 in-lb/ in 
= 66 in-lb/ in 


15,560 - 24.27 (675) + 5.995 (66) 
-710 lb/in 


e. Maximum Stresses 

The maximum stresses in the body of the boss are 
tensile stresses located at the outer edges of the free bodies which comprise 
the boss body. 

(l) Meridional Stress in Cylinder 



<P 


c 


F y + 6 Mo 


300 6 ( 66 ) 

.125 (7125? 



2400 + 25,340 = 27,740 psi 


The margin of safety is 


M.S 


42.000 

27,740 


= + 0.51 

(2) Hoop Stress in Cylinder 


a 


Q 

c 


CT 


cr 


p (a 3 + b s ) 2V A r 2M A 3 r 61/M 

£ 0 c 0 0 c o q 

a 3 - b 3 t " t + t 3 

0 C C c 

5Q0Q C( ,375 ) a + (,25)C ,2_(710) (6.499) ( .3125) 

(.375) 2 - (.25)* + .125 

2 (66) (42. 24) (.3125) 6 (,.3)(66J 

.125 ( . 125 ) 2 

7800 + 23,070 - 13,940 + 7600 = 24,530 psi 
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The margin of safety is 


M.S. 


- ^-1 - 


( 3 ) Shear Stress in Cylinder 


t^ = 025 = 5680 pai 


The margin of safety is 
27.000 


M.S. 


5680 


-1 = + 2 * 25 . 


( 4 ) Meridional Stress in Ring 

The maximum stress in the meridan direction 
of the ring is a bending stress located at the juncture of the ring and the 
plate. With 

t = r - b = .595 - .250 = 0.345 in. 


the bending stress is 

' - ”’ 920 psi 




and the margin of safety is 

M c, 42.000 
* * = 33,920 ~ 1 = + 

( 5 ) Hoop Stress in Ring 

The maximum hoop stress occurs at the 
upper outer edge of the ring and is given by 


= E-,..(ra, +_bfi. + M r x y 

r r§ - b2 -f 


With, 

M.r, = M,r, - (M - V y )r 
t 1 11 '0 0^0 o 

= 673 (.4225) - [66 + 710 (. 25 ) ] .3125 

= 193 in-lb 
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the maximum hoop stress is 


= 3000 ' (. 595 ) 2 + (.25) 2 | + 193 
( - 595 ) 2 - (.25) 2 .00906 

< 7 f) = k290 + 5330 = 9620 psl 

r 


and, the margin of safety is 



NOMENCLATURE 


Symbol 

Description 

Units 

D 

Flexural rigidity or diameter 

lb-in or in 

E 

Modulus of elasticity 

psi 

F 

Allowable ultimate strength 

psi 

I 

Moment of inertia 

in 3 

k 

Modulus of foundation 

lb/in 3 

K 

Glass fraction by volume 

— 

H 

Bending moment per unit width 

in-lb/ in 

N 

Force per unit width 

lb/ in 

P 

Internal pressure 

psi 

R 

Radius 

in. 

Hi 

Radius of curvature in meridian direction 

in. 

Rs 

Radius of curvature in circumferential 
direction 

in. 

T 

Temperature 


t 

Thickness 

in. 

X 

Axial coordinate 

in. 

y 

Radial coordinate 

in. 

Y 

Distance from inside surface to 
neutral axis 

in. 

V 

Shear force per unit width 

lb/in 

Ki 

Design factor based on chamber diameter 


Ks 

Design factor based on boss diameter 


k 3 

Design factor based on chamber length 


k 4 

Design factor based on chamber thickness 


Ks 

Design factor based on operating temperature 


He 

Design factor based on sustained pressure 
loading 


L 

Chamber length 


Greek 

a 

Wrap angle 

deg. 

6 

Radial deflection 

in. 

e 

Rotation 

radians 

X 

Beam characteristic 

. -1 
m 
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NOMENCLATURE (Continued) 


Creek 


Description 


Units 


v 

a 

V 

Subscripts 

B 

b 

c 

f 

f,h 

f,l 

h 

H 

Hf 

HH 

HL 

HM 

L 

Lf 

LH 

LL 

LM 

M 

o 

P 


Poisson's Ratio 
Stress 
Time 

due to bending 
boss 

cylinder 
filament 
hoop filaments 
longitudinal filaments 
head 

hoop direction 
hoop filaments 

hoop direction, hoop filament layer 
hoop direction, longitudinal filament layer 
hoop direction, metal liner 
longitudinal direction 
longitudinal filament 

longitudinal direction, hoop filament layer 

longitudinal direction, longitudinal filament layer 

longitudinal direction, metal liner 

metal liner 

at tangent plane 

due to pressure 


psi 

min. 
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TABLE B-l 


DESIGN CRITERIA 

12-in-dia by 18-in-long Aluminum-Lined Glass Filament- 
Wound Pressure Vessels 


Geometry and Pressure 


Diameter, in. 


12.000 

Length, in. 


18.000 

Polar Boss Diameter, in. 


1.200 

Metal Liner Thickness, in. 


0.010 

Design Burst Pressure at 75°F, psig 


3000 

at -320°F, psig 


3750 

at -423°F, psig 


3750 

Material Prooerties 



Aluminum 

Glass-Filament- 


6061-0 

Wound Composite 

Density, lb/in.^ 

0.102 

0.072 

Coefficient of thermal expansion, 
in. /in. - °F at +75 to -423°F 

8.910 x 10" 6 

2.010 x 10 -6 

Tensile-yield strength, psi 

8,000 

- 

Derivative of yield strength with 
respect to temperature, psi/°F 

-7.9 

V* 

Proportional limit, psi 

8,000 

- 

Derivative of proportional limit 
with respect to temperature, psi/ F 

-7.9 


Elastic modulus, psi 

10.25 x 10 6 

12.4 x 10 6 

Derivative of elastic modulus with 
respect to temperature, psi/ F 

-1382 

-2410 

Plastic modulus, psi 

116,500 

- 

Derivative of plastic modulus with 
respect to temperature, psi/°F 

-516 

— 

Poisson’s ratio 

0.325 

- 

Derivative of Poisson's ratio with 
respect to temperature, l/°F 

0.201 x 10" 4 

♦a* 

Volume fraction of filament in 
composite 

— 

0,673 

Longitudinal Filament, design- 
allowable stress, psi 

At +75°F 


316,000 

At -320°F 

- 

395,000 

At -423*F 

- 

395,000 


Table B-l 
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Beam System for Analysis 
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Figure B-2 
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APPENDIX C 


SPECIMEN PREPARATION AND TEST PROCEDURE FOR EVALUATION OF ADHESIVE 
BOND STRENGTH BETWEEN ALUMINUM LINER AND 
GLASS FILAMENT COMPOSITE 


I. METAL PREPARATION 

A. The 2024 aluminum strips and the 6061 aluminum adherent were 
cleaned with carbon tetrachloride and with Hughson B-72 7 paste cleaner until a 
continuous film of water remained on the surface. The metal strips were air 
dried 60 minutes. 

B. A coat of 3M XB3901 primer was brushed on the adhering surface of 
the metal strips, air dried 60 minutes and force dried 30 minutes at 190°F 
(360°K) . 

C. The 6061 aluminum adherent was coated on the adhering surface 
with the Adiprene L-100/Epirez 5101/MOCA adhesive. 

D. A layer of nylon scrim was placed in the adhesive layer. 

E. The prepared 6061 aluminum adherent was air cured 16 hours at 
room temperature, prior to assembly with the fabric when J P Stevens S-1852- 
2-400 scrim cloth was used. When J P Stevens 34168-2 scrim cloth was employed 
fabric was applied immediately followed by a 16 hour room temperature cure. 

H . FABRIC PREPARATION 

A. Type 181 glass fabric was impregnated with the Epon 828/Empol. 
1040/DSA/BDMA resin system and allowed to air dry 30 minutes. 

B. 1-in. -(2 .54-cm-) wide by 4-in. -( 10 .2 -cm-) long strips were cut 
from the impregnated fabric. 

III. SPECIMEN PREPARATION 

A. Seven layers of the impregnated fabric were, applied to the 1/8- 
in. -(0 .3 -cm-) thick 2024 aluminum strips. 

B. The prepared 6061 aluminum adherent was placed on the resin 
coated side of the glass fabric layup and stitched down with a hand roller. 

C. All specimens were cured 16 hours at room temperature plus 1 
hour at 150°F (340°K) under 10 psi (6.9 N/cm ) pressure. 

D. Six test specimens were subjected to each of the following cures 
under 10 psi (6.9 N/cm^) pressure: 
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Specimen Type 


Cure 


(1) 

4 

hours 

at 

300°F 

(420°K) 

(2) 

6 

hours 

at 

300 °F 

(420 o K) 

(3) 

8 

hours 

at 

250°F 

(390°K) 

(4) 

16 

hours 

at 

250°F 

(390°K) 

(5) 

24 

hours 

at 

250°F 

(390°K) 


IV. TESTING 

A. The T-peel adhesion was determined per FTMS No. 601, Method 8031 
on each specimen at 


1 . 

75°F 

(297°K) 

2. 

-320°F 

( 77°K) 

3. 

-423°F 

( 20°K) 


B. A jaw separation speed of 0.5 in. per minute (1.3 cm/min) was 

used. 

C. x The specimens were immersed in liquid nitrogen or liquid 
hydrogen for the low temperature test. 

D. The T-peel adhesion was calculated in Ibf per inch of width. 
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APPENDIX D 


FABRICATION SPECIFICATION FOR 
1100 ALUMINUM LINER WITH BONDED BOSSES 
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1. SCOPS 

lol This specification establishes the requirements for the 
fabrication, inspection and acceptance testing of the 1100 aluminum 
metal liner assembly with bonded bosses, P/N 1269037-1, for use 
with glass filament-wound pressure vessels for cryogenic service. 

2. APPLICABLE DOCUMENTS 


2.1 Department of Defense documents .- Unless otherwise 
specified, the following documents, listed in the issue of the 
Department of Defense Index of Specifications and Standards in 
effect on the date of invitation for bids, shall form a part of 
this specification to the extent specified herein. 


SPECIFICATIONS 

Federal 

QQ-A-225/8 


QQ-A-250/1 

QQ-R-566 

VW-T-700/6 


Military 

MIL-H-6088 


STANDARDS 


Aluminum Alloy Bar, Rod, Wire, 
and Special Shapes, Rolled, 
Drawn, or Cold Finished, 6061 

Aluminum 11QQ, Plate and Sheet 

Rods, Velding, Aluminum and 
Aluminum Alloys 

Tube, Aluminum Alloy, Drawn, 
Seamless, 6061 


Heat Treatment of Aluminum 
Alloys 


Federal 

FED-STD-151 Metals; Test Methods 

(Copies of documents required by contractors in connection 
with specific procurement functions should be obtained as 
indicated in the Department of Defense Index of Specific- 
ations and Standards . ) 
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2.2 Aero.let-General Corporation documents .- Unless otherwise 
specified, the following documents of the latest issue in effect, 
shall fora a part of this specification to the extent specified 
herein. 

SPECIFICATIONS 

AGC-13860 


AGC-13972 


STANDARDS 

AGC-STD-1151 


Method 101 Aluminum Alloys , Fusion Welding 
Aluminum and Aluminum Alloys, 

Cleaning and Deoxidizing 
Process Prior to Welding 

ASD 5215 Marking, Methods of 

DRAWINGS 

1269037 1100 Aluminum Liner, with Bonded 

Boss, 12-in.-d±a. Filament- 
Wound Pressure Vessel 

3. REQUIREMENTS 

3.1 Preproduction .- The metal liner furnished under this 
specification shall be subjected to preproduction testing as specified 
herein. A preproduction sample shall be submitted as specified 
herein. 

3.2 Materials .- 

3.2.1 Liner .- The metal liner half shell, P/N 1269037-2, shall 

be fabricated from 0.123-in. thick 1100-H14 aluminum sheet in accordance 
with Specification QQ-A-250/l as the starting material. 

3.2.2 Boss .- The boss, p/N 1269038-1, shall be fabricated from 
6061-T6 aluminum alloy bar stock in accordance with Specification 
QQ-A-225/8. 


AGC-STD-1194 
AGO -STD -119^, 
AGC-STD-4831 


Radiographic Quality Levels, 
Fusion Weldments 

Inspection, Dye Penetrant 5 
Metal Parts 


Inspection, Radiographic, 
Materials, Procedures for 

Welding, Fusion 
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3.2.3 Bleeder tube .- The bleeder tube*, P/N 1269037-3, shall 
be fabricated from 6061-T6 aluminum alloy drawn seamless tubing in 
accordance with Specification WW-T-700/6. 

3.2.4 Liner material identification .- Each blank cut from 
the 1100-H14 aluminum sheet for fabrication of P/N 1269037-2 shall 
be assigned a serial number (l 0 2, 3» 4 S etc.)*, the identification 
of which shall be maintained during all fabrication operations. 

This serial number along with the mill heat number for the plate 
from which the blank was cut shall be recorded for future reference. 

3.3 Design .- The metal liner assembly furnished under this 
specification shall be fabricated in accordance with the require- 
ments of AGO Drawing 1269037 and this specification. 

3.4 Fabrication of aluminum liner half shell, P/N 1269037-2 .- 
Unless otherwise specified*, aluminum liner „ P/N 1269037-2 „ shall be 
fabricated by utilizing the sequence of operations specified herein. 
The details of each operation shall be the responsibility of the 
fabricator. 

Operation Is Cut blank from the l/8-in, thick 1100-H14 
aluminum sheet and machine edge. 

Operation 2s Form liner contour for half shell component „ 

P/N 1269037-2. Anneal at 650°F in accordance 
with paragraph for ’"Annealing of Work Hardened 
Wrought Alloys” of Specification MIL-H-6088 
between forming operations as required and 
after final forming operation. 

Operation 3s Cut hole in dome area for installation of boss. 

Operation 4s Machine to preweld configuration to provide a 
thickness of approximately 0„030-in» in the 
liner wall. The liner wall shall be located 
in an area approximately 0,030/0 t ,035"in. below 
one surface of the original starting sheet. 

Operation 5s Reduce thickness of liner wall to 0„010-in. by 
means of chemical milling*, except in the weld 
joint area which shall be maintained at a 
thickness of approximately 0.020 to 0.030-in. 

Operation 6s Perform preliminary machining of weld joint 
area as required. 

Operation 7s Place in container and ship to Aerojet for 
installation of the boss. 
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3.5 Installation of boss in P/N 1269057-5 *° A prefabricated, 
boss , P /n 1269038-1, will be installed and bonded into the dome of 
each half liner, F/*N 1269037-2, by Aerojet following procedure 
specified on Aerojet Drawing 1269037 and the component returned to 
the vendor, 

3.6 Assembly of aluminum liner, p/n 1269037 -l --* After in- 
stallation of the boss, P/N 1269038=1 by Aerojet, two half shells 
shall be assembled to form, the full liner, p/n 1269037-1, by 
utilizing the sequence of operations specified herein. The details 
of each operation shall be the responsibility of the fabricator. 

Operation 1: Perform the girth weld preparation machining 

of each liner half shell. 

Operation 2; Preform bleeder tube, P/N 1269037-3, and clean 
by following procedure in AGC -STD -4831* 

Operation 3; Install bleeder tube, F/n 1269037-3, inside the 
hoss of one of the assembled liners as indicated 
on Drawing 1269037 « Tack weld tube in place as 
required using gas tungsten-arc weld procedure 
in accordance with AGC -STD-1194, Method 101, 
and aluminum alloy weld rod of Specification 
QQ-R-566, Class 4043 . 

Operation 4; Clean p/n 1269037-2 at weld joint area by 
following the procedure in AGC -STD- 483-1 . 

Operation 5 1 Assemble two P/fl's 1269037-2 together and gas 
tungsten -arc weld in accordance with AGC -STD- 
1194, Method 101, using weld rod of Specifica- 
tion QQ-R-566, Class 1100 , to form assembly, 

p/n 1269037-1 . 

Operation 6: Remove excess metal at girth weld joint by 

mechanical means to provide a veld seam height 
0.004/0, 006 in, above adjacent parent metal. 
Chemical milling of weld joint is not per- 
mitted , 

Operation 7; Peneficiate girth weld joint by planishing to 
attain 10 to 20f thickness reduction of ps- 
weided and machined joint. 

Operation 8; Final machine weld seam to incorporate smooth 
surface free of ir regularities for subsequent 
adh o «? iv e b ond i rig , 
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Operation 9s Locally anneal girth weld joint by following 
the procedure of paragraph on "'Annealing of 
Work Hardenable Wrought Alloys ” of Specific- 
ation MIL-H-6088 taking precautions that the 
bosses do not exceed 30Q°F as indicated by 
thermocouples, or Tempilstik or equivalent. 

Operation 10 % Clean the liner assembly by following the pro- 
cedure of AGC-STD-4831. 

3.7 Test coupons .- Four tensile test coupon blanks 3/4 in. 
wide x 8 in. long x 0.010 in. thick parallel to the direction of 
rolling shall be prepared from 1100-H14 aluminum sheet and accompany 
the one-half liner, P/N 1269037-2, through the final anneal (Oper- 
ation 2 of 3.4). The aluminum sheet used for these coupons shall 

be from the same mill heat used to fabricate the two P/N 1269037-2 
components. If sheet from different mill heats are used in one 
assembly, two coupons representing each mill heat shall accompany 
the components through the anneal operation. 

3.7.1 Disposition of test coupons .- The test coupons shall 
accompany assembly, P/N 12 69037—1 , which they represent on its 
delivery to Aerojet. Tensile specimens machined from the coupons 
shall comply with the following tensile properties? 

Ultimate tensile strength, psi 15,000 max. 

Elongation in 2 in., percent 15.0 ai» 0 

3.8 Weld repairs .- Weld repairs shall be performed in 
accordance with the requirements of Standard AGC-STD-1194, "In- 
Process Rework.* 1 


3.9 Weld inspection .- The girth weld shall be dye penetrant 
inspected (see 4.5^3) and”radiographie inspected (see 4.5.4). 

3.9.1 Basis for re.iection.- 


3 .9. 1.1 Dve penetrant inspection .- The girth weld shall be 
free of external cracks or propogating defects. Surface porosity 
in excess of the limits specified in 3.9.1. 2 is unacceptable. 


3. 9. 1.2 Radiographic inspection .- The girth weld shall meet 
the requirements of Specification AG0-1386Q, Class 11 (eleven) with 
the following modifications s 

(a) Under scattered porosity - delete 0.010 in. 
max. diameter of cavity. 

(b) Excess penetration - delete T/4 and 0.032 in. 
max. and substitute 0,005 in. max. 
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(c) Delete excess crown limits - superseded by 

retirements of 3-6, Operations 6 , 7 and 

8 . 


3.10 Handling .- All handling operations of the liner assembly 
or the 1269037-2 half shells in the uncrated condition shall be per- 
formed using maximum care because of the susceptibility of the 
material to damage during the stages of fabrication. Components 

or assemblies damaged from handling shall be subject to rejection. 
The 1269037-2 components shall be kept in suitable containers or 
on pallets except when they are being worked. 

3.11 Cleanliness .- After final machining* a cleaning method 
shall be employed to guarantee the liner assembly interior complete 
freedom from machining residue* shavings, and euttings. After 
cleaning, the assembly openings shall remain sealed at all times, 
except when removal of seals is necessary for final fabrication or 
testing. 


3.12 Identification of liner assembly .- The liner assembly 
shall be assigned serial numbers, Al, A2, A3, etc., which along 
with the assembly part number, shall be electrolytically etched as 
specified in Aerojet Standard ASD 5215, Method C, in the location 
indicated on Aerojet Drawing 1269037. 


3.13 Preproduction sample tensile properties .- Parent metal 
and welded tensile specimens cut from the preproduction sample 
shall demonstrate capability to meet the following tensile pro- 
perties when tested by Aerojet at the designated temperature. Six 
of each type specimen shall be tested at each temperature, 

3.13.1 Tensile properties at 75°F .- 


3.13.1.1 Parent metal .- 

Ultimate tensile strength, psi 
Elongation in 2 in., percent 

3.13.1.2 Welded specimens .- 

Ultimate tensile strength, psi 

i 

Elongation in \ in., percent 

3.13.2 Tensile properties at -320°F .- 
3.13.2.1 Parent metal. - 


15,000 max. 
15.0 min. 


15,000 max. 

11.0 min. 


Elongation in 2 in., percent 


23.0 min, 
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3.13.2.2 Welded specimens . - 

i 

Elongation in t in., percent 14*0 min* 

3.13.2.3 Ultimate tensile strength and yield strength at 0.2# 
offset shall be determined for each type specimen and reported for 
information only. 


3.13.3 

Tensile properties at -423°P.- 


3.13.3.1 

Parent metal.- 



Elongation in 2 in., percent 

35.0 min* 

3.13.3.2 

Welded specimens.- 



Elongation in ~ in., percent 

16,0 min. 

3.13.3.3 

Ultimate tensile strength and yield strength at 


0.2# offset shall be determined for each type specimen and reported 
for information only. 

3.14 Workmanship .- The liner assembly shall be fabricated, 
annealed, finished, and tested in a thoroughly workmanlike manner, 
particular attention shall be given to neatness and thoroughness 
with the processing and welding of the component parts. Non- 
conformance to the drawings and the requirements of this specific- 
ation shall be cause for rejection, 

4. QUALITY ASSURANCE PROVISIONS 

4 . 1 Supplier responsibility . - 

4.1.1 Inspection .- Unless otherwise specified, the supplier 
is responsible for the performance of all inspection requirements 
as specified herein said may use any facilities acceptable to the 
Aerojet-General Corporation (AGC). 

4.1.2 Processing changes .- The supplier shall make no changes 
in processing techniques or other factors affecting the quality or 
performance of the product without prior written approval of AGC. 

4.1.3 Preproduc-.tiop sample .- The preproduction sample shall 
be fabricated using the same methods proposed for the fabrication 
of subsequent production lots of aluminum liner, P/N 1269037-1. 

It shall substantially represent the production liner to the extent 
that the evaluation described under 3*13 can be conducted. The 
preproduction sample shall be subjected to all preproduction tests 
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specified herein. Preproduction samples which do not meet the 
specified requirements shall be rejected. Fabrication of sub- 
sequent quantities for delivery and acceptance shall not be 
completed until written approval of the preproduction sample has 
been obtained from the AGO Project Engineer. 

4.2 Sampling . - 

4.2.1 Preproduction sample .- One aluminum liner, sub- 
stantially representing P/N 1269037-1 in essential details as 
established by the AGO project engineer shall be submitted for 
preproduction testing. 

4.2.2 Production sample .- All production units of aluminum 
alloy liner assembly, p/n 1269037-1 shall be submitted for quality 
conformance inspection. 

4.3 Preproduction tests .- Testing of the preproduction 
sample shall be conducted by Aerojet-General Corporation and shall 
consist of the following inspections performed in the order listed? 

(a) Quality conformance inspections 

(b) Tensile strength tests (see Section 3.13) 

4.4 Quality conformance inspections .- Inspection of all 
liner assemblies shall consist of tests to determine compliance 
with the following requirements of Section 3. 

(a) Examination of product 

(b) Tensile strength tests (see Section 3.7) 

(c) Dye penetrant inspection of girth weld 

(d) Radiographic inspection of girth weld 

s 

4.5 Test methods .- 

4.5.1 Examination .- Each liner assembly shall be visually 
inspected for conformance to the requirements of Section 3 for which 
specific test methods are not specified and for conformance to the 
requirements of Section 5* 

4. 5. 1.1 Certification of annealing procedure .- The supplier 
shall provide suitable evidence that the final annealing procedure 
specified in Operation 2 of paragraph 3.4 and in Operation 9 of 
paragraph 3.6 have been suitably controlled. 
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4. 5 . 1.2 Certification of boss temper control .- The supplier 
shall provide suitable evidence that the bosses did not exceed 
300°F during the annealing procedure specified in Operation 9 of 
paragraph 3*6. 

4.5.2 Tensile strength test method .- The tensile strength 
properties shall be determined in accordance with FED -STD -1 51 > 
Method 211.1 using the F2 test specimen. 

4.5.3 Dye penetrant inspection .- Dye penetrant inspection 
in accordance with Specification AGC -13972 shall be performed on 
the girth weld of each liner assembly. After inspection, the weld 
shall be thoroughly cleaned. 

4.5.4 Radiographic inspection .- Radiographic inspection in 
accordance with AGC-STD-1151 shall be performed on the girth weld 
of each liner assembly. Radiographs shall be subject to the inter- 
pretation and ^acceptance by designated Aerojet-General quality 
control and project representatives. Radiographic film shall be 
numbered to coincide with the identi fication markings of the liner 
assembly. China marking lead shall be used lor ivuiting weld 
identification so that -rant location of web., areas with corres- 
ponding radiographs may be readily identified... All radiographic 
film shall become the property of Aerojet. 

5. PREPARATION FOR DELIVERY 

5.1 Packing . - The liner assembly shall be crated and firmly 
supported to prevent damage during shipment. 

5.2 Marking . - The shipping container shall he marked with 
the following informa lion ; 

(a) Manufacturer's name 

(b) Liner Assembly, P/n 1269037-1 

(c) Liner serial number 

(d) Number and date of this specification 

(e) Purchase order number 

6. NOTES 

6.1 Intended use . - The aluminum alloy liner assembly is 
intended for use as a metal liner for glass filament -wound pres- 
sure vessels for storage of cryogenic fluids , 
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6.2 Ordering dat a.- Procurement documents should specify, 
hut not he limited to, the following information: 

(a) Number and date of this specification 

(b) Place of inspection 

(c) Preproduction sample to be tested and approved 
prior to fabrication and acceptance of pro- 
duction quantities . 

(d) Place of delivery 

(e) Request for three copies of material certification 
and test results 
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PROCEDURE FOR BONDING OF BOSS TO LINER, P/N 1269037 
1100 ALUMINUM LINER WITH BONDED BOSS, 

12 -IN. -DIA FILAMENT -WOUND PRESSURE VESSEL 

Serial No: 

Work Order: 

Contract: 

I. METAL PREPARATION 

A. Clean the bonding surfaces of Part No. 1269037-2, 1100 Aluminum 
Liner Half Shell, and No. 1269038, Liner Boss, according to the following 
procedure: 


1. Wipe the flange areas of the boss and within a 4.00-in. - 
(10.2-cm-) dia. area around the boss opening on the inside of the half section 
of the liner with MEK (methyl ethyl ketone) and air dry 30 minutes at 70-75°F 
(295-300°K) . 

2. Brush on a 5-8 mil (0.13-0.20 mm) thickness of Hughson 
EXB-727-6 paste cleaner to the top flange area of the boss and to the inside 
area in the liner previously wiped with MEK. 

3. Allow to dry until the paste cleaner is powdery. This 
will require approximately 90 minutes. 

4. Remove paste cleaner with tap water and continue washing 
until a film of water (water breakfree surface) remains on the bonding areas 
for 15 seconds. 

5. Rinse surfaces with acetone to remove water and air dry 
for 30 minutes at 70-75°F (295-300°K). 

B. Apply a primer as follows: 

1. Brush a thin coat Minnesota Mining & Mfg. Company EC-3901 
primer to the bonding areas of Part No. 1269037 and No. 1269038 and air dry 
30 minutes at 70-75°F (295-300°K). Record acceptance tag numbers and serial 
numbers below: 


Tag Number Serial Number 


1269037-2 Liner 
1269038-1 Boss 


N/A 


EC-3901 Primer 



2 . Force dry the primer on both parts for 30 minutes at 
190°F (360°K) in a circulating air oven. 

C. Apply a 3 mil (0.08 mm) thickness of the following adhesive to 
the bonding areas; 


Composition 
Adiprene L-100 
Epirez 5101 
MOCA 


Ratio Accept. Tag No. 

80.00 

20.00 

17.00 

117.00 


Mixing Procedure: Mix Adiprene L-100 and Epirez 5101 resins 

together thoroughly. Heat MOCA to 200°F (367°K) until melted. Mix MOCA with 
mixed resins and degas in a vacuum dessicator for 15-20 minutes. Maintain the 
vacuum until the first foam created collapses. 


II . PART FABRICATION 


A. Allow the adhesive coated parts to air cure two to three hours at 
room temperature or until the adhesive has gelled slightly. The surfaces 
should still be slightly tacky. 

B. Insert the boss, Part No. 1269038, in the opening of the liner 
section, Part No. 1269037-2, and press the liner halfshell firmly against the 
boss flange. 

o 

C. Apply 15 psi (10 N/cm ) bonding pressure between the boss flange 
and the inside of the liner at the area in contact with the boss flange. The 
assembly must be supported in such a way that all of the pressure is applied 
to both sides of the bonding area. 

D. Cure 24 hours at 70-75°F (295-300°K) under 15 psi (10 N/cm^) 
pressure, followed by the following cure schedule 


Time 

Temperature 
°F °K 

One hour 

150 

340 

One hour 

200 

370 

One hour 

250 

390 

One hour 

300 

420 
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1. SCOPE 

1.1 This specification establishes the requirements for the 
fabrication, inspection and acceptance testing of the 6061 aluminum 
alloy metal- liner assembly with integral bosses, P/N 1269036-1 for 
use with glass filament-wound pressure vessels for cryogenic service. 

2. APPLICABLE DOCUMENTS 

2.1 Ttopa-n-fc)» ent of Defease documents .- Unless otherwise 
specified, the following documents, listed in the issue of the 
Department of Defense Index of Specifications and Standards in 
affect on the date of invitation for bids, shall fora a part of 
this specification to the extent specified herein. 

SPECIFICATIONS 


Federal 


QQ-A-225/8 

Aluminum Alloy Bar, Rod, Wire, 
and Special Shapes; Rolled, 
'Drawn, or Cold Finished, 6061 

QQ-A-250/11 

Aluminum Alloy 6061, Plate and 
Sheet 

QQ-R-566 

Rods, Welding, Aluminum and 
Aluminum Alloys 

W-T-700/6 

Tube, Aluminum Alloy, Drawn, 
Seamless, 6061 

Military 


MIL-H-6088 

Heat Treatment of Aluminum 
Alloys 

STANDARDS 


Federal 


FED-STD-151 

Metals; Test Methods 


(Copies of documents required by contractor in connection 
with specific procurement functions should be obtained 
as indicated in the Department of Defense Index of Specific- 
ations and Standards.) 
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2.2 Aero -i at- General Corporation documents .- Unless otherwise 

specified, the following documents of the latest issue in effect, 
shall for* a part of this specification to the extent specified 
herein. 

SPECIFICATIONS 

AGC-13860 Radiographic Quality Levels, 

Fusion Yeldments 

AGC-13972 Inspection, Dye Penetrant; 

Metal Parts 

STANDARDS 

AGC-STD-1151 Inspection, Radiographie , 

Materials, Procedures for 

AGC-STD-1194 Welding, Fusion 

AGC -STD-119^, Method 101 Aluminum Alloys, Fusion Welding 

AGC-STD-4831 Aluminum and Aluminum Alloys, 

Cleaning and Deoxidizing 
Process Prior to Welding 

ASD 5215 Marking, Methods of 

DRAWINGS 

1269036 6061 Aluminum Liner, 12-in. -dia. 

Filament-Wound Pressure 
Vessel 

3. REQUIREMENTS 

3.1 Preproduction .- The metal liner furnished under this 
specification shall be subjected to preproduction testing as 
specified herein. A preproduction sample shall be submitted as 
specified herein. 

3.2 Materials .- 

3.2.1 Liner .- The metal liner with integral bosses, P/N 1269036-2, 
shall be fabricated from 1-in. -thick 6061-T651 aluminum alloy plate 
in accordance with Specification QQ-A-250/ll as the starting material. 
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3.2.2 Extension- The extension a p/n 1269036-3, shall 
be fabricated from 6061-T6 aluminum alloy bar stock in accordance 
with Specification QQ-A-225/8. 

3.2.3 Bleeder tube .- The bleeder tube, p/n 1269036-4, shall 
be fabricated from 6061-T6 aluminum alloy drawn seamless tubing 
in accordance with Specification WW-T-700/6. 

3.2.4 Liner material identification .- Each blank cut from 
the 6061-T651 aluminum alloy plate for fabrication of P/N 1269036-2 
shall be assigned a serial number (l, 2, 3, 4, etc.), the identific- 
ation of which shall be maintained during all fabrication operations. 
This serial number along with the mill heat number for the plate 
from which the blank was cut shall be recorded for future reference. 

3.3 Design .- The metal liner assembly furnished under this 
specification shall be fabricated in accordance with the require- 
ments of AGC Drawing 1269036 and this specification. 

3.4 Fabrication and assembly of aluminum liner. P/N 1269036-1 .- 
Unless otherwise specified, aluminum liner, P/N 1269036-1, shall 

be fabricated and assembled by utilizing the sequence of operations 
specified herein or as modified in 3.4.1. The details of each oper- 
ation shall be the responsibility of the fabricator. 


Operation Is Upset the 6061-T651 aluminum alloy plate at a 
temperature of 650°F to make an internal 
projection for the boss area of the liner. 

Operation 2: Machine the preformed plate to 0.125 in. 

nominal thickness except at the boss area 
which shall be machined to 1-in. thickness 
with appropriate transition from the boss 
area to the membrane section. 


Operation 3: Anneal the machined preform by following the 

procedure of paragraph on "Annealing of Heat- 
Treated Wrought Alloys" of Specification 
MIL-H-6088. 

Operation 4s Form liner contour for p/n 1269036-2. A 

stress-relief anneal at 650°F in accordance 
with paragraph on "Annealing of Work-Hardened 
Wrought Alloys" of Specification MIL-H-6088 
shall be utilized between forming operations 
as required. 
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Operation 5 s 
Operation 6: 

Operation 7: 

Operation 8: 
Operation 9: 

Operation 10: 

Operation 11: 
Operation 12: 

Operation 13: 
Operation 14: 


Solution heat treat and age the formed 
P/M 1269036-2 to f-6 condition in accordance 
with the procedure in Specification 
MIL-H-6088. 

Machine contour to preweld configuration to 
provide a thickness of approximately 0.030-in. 
in the liner wall. The liner wall shall be 
located in an area not more than 0.125 in. 
below the surface of the original starting 
plate. 

Reduce thickness of liner wall to 0.010-in. by 
means of chemical milling, except in the weld 
joint area which shall be maintained at a 
thickness of approximately 0.020 to 0.030 in. 

Machine weld joint and boss area. 

Clean internal surface of boss and the ext- 
ension, p/N 1269036-3 by following the pro- 
cedure in AGC-STD-4831, 

Install extension P/N 1269036-3, in the 
boss and gas tungsten-arc weld as required 
in accordance with AGC-STD-1194, Method 101, 
using aluminum alloy weld rod of Specification 
QQ-R-566, Class 4043. 

Preform bleeder tube, P/N 1269036-4, and clean 
by following procedure in AGC-STD-4831. 

Install bleeder tube, P/N 1269036-4, inside the 
extension of the appropriate P/N 1269036-3 
indicated on Drawing 1269036. Tack weld tube 
in place as required using gas tungsten-arc 
weld procedure in accordance with AGC-STD-1194, 
Method 101, and aluminum alloy weld rod of 
Specification QQ-R-566, Class 4043. 

Clean P/N 1269036-2 at weld joint area by 
following the procedure in AGC-STD-4831. 

Assemble two P/N's 1269036-2 together and gas 
tungsten-arc weld in accordance with AGC-STD- 
1194, Method 101, using weld rod of Specific- 
ation QQ-R-566, Class 1100, to form assembly, 
P/N 1269036-1. 
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Operation 15: Remove excess metal at girth weld joint by 

mechanical means to provide a weld seam height 
0.004/0. 006 in. above adjacent parent metal. 
Chemical milling of weld joint is not per- 
mitted. 

Operation 16: Benaficiate girth weld joint by planishing 

to attain 10 to 20$ thickness reduction of 
the as-welded and machined joint. 

Operation 17: Final machine weld seam to incorporate smooth 

surface free of irregularities for subsequent 
adhesive bonding. 

Operation 18: Anneal liner membrane (including girth weld 

joint) by following the procedure of paragraph 
on ’'Annealing of Heat-Treated Wrought Alloys" 
of Specification MIL-H-6088. During this 
operation the boss areas of Drawing 1269036 
shall be maintained at a temperature not 
exceeding 300°F as indicated by thermocouples, 
or Tempilstik or equivalent to retain T-6 
properties in the boss. 

Operation 19: Clean the liner assembly by following the 

procedure of AGC-STD-4831 . 

3.4.1 Ai ten) c te fa b rication and assembly uroc a do r e . - 

(a) Follow Operations 1 through 13 of paragraph 3*4, aoove. 

(b) Anneal Membrane portion of half liner, P/N 1269036-2 by 
following the procedure of paragraph on "Annealing of Heat-Treated 
Wrought Alloys" of Specification MIL-H-6088. During this operation 
the boss (J of Drawing 1269036) shall be maintained at a temper- 
ature not exceeding 300°F as indicated by thermocouples, or 
Tempilstik or equivalent to retain T-6 properties in the boss. 

(c) Follow Operations 14, 15, 16 and 17 of paragraph 3° 4, above. 

(d) Locally anneal girth weld joint by following the pro- 
cedure of paragraph on "Annealing of Heat-Treated Wrought Alloys" 
of Specification MIL-H-6088 taking precautions that the bosses 

do not exceed 300°F during the operation. 

(e) Clean the liner assembly by following the procedure of 
AGC-STD-4831. 
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3.5 Test coupons .- Four tensile test coupon blanks 3/4 in. 
wide x 8 in. long x 0.010 in. thick transverse to the direction 
of rolling shall be prepared from 6061-T651 aluminum alloy plate 
and accompany the assembly, P/N 1269036-1 through the anneal 
(Operation 18 of 3.4 or Operation b of 3.4.l). The aluminum 
alloy plate used for these coupons shall be from the same mill 
heat used to fabricate the two P/N 1269036-2 components. If 
plate from different mill heats are used in one assembly, two 
coupons representing each mill heat shall accompany the assembly 
through the anneal operation. 

3.5.1 Disposition of teat coupons .- The test coupons shall 
accompany the assembly which they represent on its delivery to 
Aerojet. Tensile specimens machined from the coupons shall comply 
with the following tensile properties? 

Ultimate tensile strength, psi 22,000 max. 

Yield strength at 0.2# offset, psi 12,000 max. 

Elongation in 2 in., percent 10,0 min. 

3.6 Weld repairs .- Weld repairs shall be performed in 
accordance with the requirements of Standard AGC-STD-1194 , "In- 
Process Rework." 

3.7 Weld inspection .- The girth weld shall be dye penetrant 
inspected (see 4.5.3) and radiographic inspected (see 4.5.4). 

3.7.1 Basis for re.iection .- 

3. 7. 1.1 Dye penetrant inspection .- The girth weld shall be 
free of external cracks or propagating defects. Surface porosity 
in excess of the limits specified in 3. 7. 1.2 is unacceptable. 

3. 7. 1.2 Radiographic inspection .- The girth weld shall meet 
the requirements of Specification AGC-13860, Class 11 (eleven) 
with the following modifications? 

(a) Under scattered porosity - delete 0.010 in. maix. 
diameter of cavity. 

(b) Excess penetration - delete T/4 and 0.032 in. max., 
and substitute 0.005 in. max. 

(c) Delete excess crown limits - superseded by requirements 

of 3.4, 0]» oration 13, 1.6 and 17 
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3.8 Handling.- All handling operations of the liner assembly 
or the 1269036-2 components in the unorated condition shall be 
performed using maximum care because of the susceptibility of the 
material to damage during the stages of fabrication. Components 

or assemblies damaged from handling shall be subject to rejection. 
The 1269036-2 components shall be kept in suitable container or 
on pallets except when they are being worked. 

3.9 Cleanliness .- After final machining, a cleaning method 
shall be employed to guarantee the liner assembly interior complete 
freedom from machining residue, shavings, and cuttings. After 
cleaning, the assembly openings shall remain sealed at all times, 
except when removal of seals is necessary for final fabrication 

or testing* 

3.10 Identification of liner assembly .- The liner assembly 
shall be assigned serial numbers Al, A2, A3, etc., which along 
with the assembly part number, shall be electrolytically etched 

as specified in Aerojet Standard ASD 5215, Method C, in the location 
indicated on Aerojet Drawing 1269036. 

3.11 Preproduction sample tensile properties .- Parent metal 
and welded tensile specimens cut from the preproduction sample 
shall demonstrate capability to meet the following tensile pro- 
perties when tested by Aerojet at the designated temperature. Six 
of each type specimen shall be tested at each temperature. 

3.11.1 Tensile properties at 75°F .- 

3.11.1*1 Parent metal. - 


Ultimate tensile strength, psi 


22,000 

max. 

Yield strength at 0.2$ offset. 

psi 

12,000 

max. 

Elongation in 2 in., percent 


10.0 

min. 

3.11.1.2 Welded specimens.- 




Ultimate tensile strength, psi 


22,000 

max. 

Yield strength at 0.2$ offset. 

psi 

12,000 

max. 

Elongation in l/4 in. , percent 


0 

d 

H 

min. 
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3.11.2 

Tensile properties at -320°P.- 



3.11.2.1 

Parent metal.- 

Elongation in 2 in. , percent 

15.0 

min. 

3.11.2.2 

Welded specimens.- 
Elongation in in. , percent 

10.0 

min. 

3.11.2.3 Ultimate tensile strength and yield strength at 0.2# 
offset shall be determined for each type specimen and reported for 
information only. 

3.11.3 

Tensile properties at -423°P.- 



3.11.3.1 

Parent metal.- 




Elongation in 2 in. , percent 

20.0 

min. 

3.11.3.2 

Welded specimens.- 




Elongation in in. , percent 

10.0 

min. 


3.11.3.3 Ultimate tensile strength and yield strength at 
0.2# offset shall be determined for each type specimen and reported 
for information only. 

3.12 Workmanship .-- The liner assembly shall be fabricated, 
heat treated, finished, and tested in a thoroughly workmanlike 
manner. Particular attention shall be given to neatness and thorough- 
ness with the processing and welding of the component parts. Non- 
conformance to the drawing and the requirements of this specification 
can be cause for rejection. 

4. QUALITY ASSURANCE PROVISIONS 

4.1 Supplier responsibility . - 

4.1.1 Inspection .- Unless otherwise specified, the supplier 
is responsible for the performance of all inspection requirements 
as specified herein and may use any facilities acceptable to the 
Aerojet-General Corporation (AGC). 

4.1.2 Processing changes .- The supplier shall make no 
changes in processing techniques or other factors affecting the 
quality or performance of the product without prior written 
approval of AGC. 
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4*1*3 Prenrodu cti on anmnl a . - The preproductlon sample shall 
be fabricated using the same methods proposed for the fabrication 
of subsequent production lots of aluminum liner, P/N 1269036-1. 

It shall substantially represent the production liner to the 
extent that the evaluation described under 3.11 can be conducted. 
The preproduction saaple shall be subjected to all preproduction 
tests specified herein. Preproduction samples which do not meet 
the specified requirements shall be rejected. Fabrication of sub- 
sequent quantities for delivery and acceptance shall not be 
completed until written approval of the preproduction sample has 
been obtained . from the AGC Project Engineer. 

4.2 Sampling . - 


4.2.1 Prenroduction sample .- One aluminum liner, sub- 
stantially representing P/N 1269036-1 in essential details as 
established by the AGO project engineer, shall be submitted for 
preproduction testing. 

4.2.2 Production sample .- All production units of aluminum 
alloy liner assembly, P/N 1269036-1 shall be submitted for quality 
conformance inspection. 

4.3 Preproduction tests .- Testing of the preproduction 
sample shall be conducted by Aerojet-General Corporation and shall 
consist of the following inspections performed in the order listed: 

(a) Quality conformance inspections 

(b) Tensile strength tests (see Section 3.1l). 

4.4 Quality conformance inspections .- Inspection of all 
liner assemblies shall consist of tests to determine compliance 
with the following requirements of Section 3. 

(a) Examination of product 

(b) Tensile strength tests (see Section 3.5) 

(e) Dye penetrant inspection of girth weld 

(d) Radiographic inspection of girth weld 

4.5 Test methods . - 

4.5.1 Examination .- Each liner assembly shall be visually 
inspected for conformance to the requirements of Section 3 for 
which specific test methods are not specified and for conformance to 
the requirements of Section 3. 
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4. 5-1.1 Certification of annealing procedure . - The supplier 
shall provide suitable evidence that the annealing procedure 
specified in Operation 1.8 of paragraph 5.4 or in (b) and (d) of 
paragraph 5*4.1, whichever is applicable, has been suitably controlled. 

4. 5.1.2 Certification of b oss temper control .- The supplier 
shall provide suitable evidence that the boss areas (j of Drawing 
1269056) did not exceed 500°F during the annealing procedure 
specified in Operation l8 of paragraph 5*4 or in (b) and (d) of 
paragraph 3*4.1, whichever is applicable. 

4.5.2 Tensile strength test method .- The tensile strength 
properties shall be determined in accordance with FED-STD-151, 

Method 211.1, using the F2 test specimen. 

4.5.3 Dye penetrant inspection .- Dye penetrant inspection 
in accordance with Specification AGC -13972 shall be performed on 
the girth weld of each liner assembly. After inspection, the weld 
shall be thoroughly cleaned. 

4.5.4 Radiographic inspection . - Radiographic inspection in 
accordance with AGC-STD-1151 shall be performed on the girth weld 
of each liner assembly. Radiographs shall be subject to the 
interpretation and acceptance by designated Aero jet -General quality 
control and project representatives. Radiographic film shall be 
numbered to coincide with the identification markings of the liner 
assembly. China marking lead shall be used for marking weld 
identification so that exact location of we’d areas with corres- 
ponding radiographs may be readily identified. All radiographic 
film shall become the property of Aerojet. 

5. PREPARATION FOR DELIVERY 

5*1 Packing . - The liner assembly shall be crated and firmly 
supported to prevent damage during shipment . 

5*2 Marking . - The shipping container shall be marked with 
the following information: 

(a) Manufacturer's name 

(b) Liner Assembly, p/n 1269036-1 

(c) Liner serial number 

(d) Number and date of this specification 

(e) Purchase order mivi'-'r 
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6. NOTES 

6.1 Intended use .- The aluminum alloy liner assembly la 
Intended for use as a metal liner for glass filament-wound pressure 
ressels for storage of cryogenic fluids. 

6.2 Ordering data .- Procurement documents should specify, 
but uot be limited to, the following information: 

(a) Number and date of this specification 

(b) Place of inspection 

(c) Preproduction sample to be tested and approved prior 
to fabrication and acceptance of production quantities 

(d) Place of delivery 

(e) Request for three copies of material certification and 
test results. 
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APPENDIX F 


FILAMENT -WOUND VESSEL FABRICATION PROCEDURE 
ALUMINUM-LINED GLASS FILAMENT -WOUND PRESSURE VESSELS 
P/N 1268996 AND 1269232* 


Reference Drawings: Number Description 


1269036 

1269037 

1269231 

1269227 


6061 Aluminum Liner with 
1100 Aluminum Liner with 
1100 Aluminum Liner with 
1100 Aluminum Liner with 


Integral Bosses 
Bonded Bosses 
Butt Welded Bosses 
Hinged Bosses 


I . GENERAL INSTRUCTIONS 


A. This data sheet is to be filled out in its entirety. Be sure 
that all weights, dimensions, winding pattern information, cure records, dates, 
and notes are entered as requested. 

B. Any deviations from the specifications for fabrication are to be 
noted on this record so that all factors may be taken into account when 
analysis of the vessel is made after test. 

C. This record will accompany the vessel through fabrication and be 
returned to the project engineer when complete. 

D. All weights are to be recorded to nearest gram and all dimensions 
to 0.010 in. or better. 

E. Verification of prior acceptance is to be made for all productive 
materials and acceptance tag numbers recorded. 

F. Verification of calibration status for all data acquisition 
instruments is required. Serial numbers and calibration dates of instruments 
are to be recorded, as indicated. 

II. INSPECTION OF ALUMINUM LINER 


A. Wear clean white cotton gloves while handling aluminum liner. 

B. Remove liner from container. 

Record Acceptance Tag No. of liner. Record serial 

number on Sheet 1. 


* Presentation of fabrication procedures in both S.I. and English 
systems would reduce the clarity of this Appendix. The English 
system only is used. 
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C. Measure liner length, diameters, and weight and record them on 
Figure 1. 

D. Replace liner in container. 

III. PREPARATION OF SCRIM CLOTH TO COVER LINER HEADS 

A. Obtain roll of J. P. Stevens Style 34168-2 nylon cloth, 36-in. - 

wide, scoured and heat set, natural color. Record Acceptance Tag No. . 

B. Cut two flat patterns suitable for forming over each liner head 
past head-to-cylinder tangency point. 

C. Cut circular hole in center of each pattern just large enough to 
permit positioning of them over metal boss of liner. 

D. Protect cut patterns with plastic sheet and store. 

IV. ASSEMBLY OF LINER TO WINDING SHAFT 

A. Measure the boss-to-boss length and record actual . 

Subtract 22.480 in. from the actual length and record difference . 

Install the liner onto the winding shaft. Install retaining ring shim(s) 
equivalent in thickness to the length difference recorded above. Install and 
secure flange nut and swivel assembly. 

B. Wear clean white cotton gloves while handling the aluminum 

liner. 

C. Cover the liner/shaft assembly with a polyethylene bag if 
further processing is to be delayed in excess of 4-hours. 

V. CLEANING AND PRIMING OF LINER 

A. Apply .005 to .00 7 -inch thick layer of Hughs on EXB727-6 paste 

cleaner to outside surface of liner. Record Acceptance Tag No. . 

B. Allow coating to air dry until it becomes powdery which will 
require approximately 90 minutes. 

C. Remove paste cleaner coating by washing with tap water. 

Continue washing and rinsing until a continuous film of water (water break- 
free surface) is maintained for 15 seconds . 

D. Wash with acetone to remove water and air dry for a minimum of 
30 minutes . 
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E. Apply a thin coating of Minnesota Mining & Mfg. Co. EC -3901 

primer to bonding surface and air dry 30 minutes. Record Acceptance Tag 
No. . 

F. Force dry for approximately 30 minutes at 190°F with heat gun, 
infra red lamps, or quartz strip heaters. 

NOTE: After application of the primer the liner may be stored at 

room temperature if necessary prior to subsequent operations. 
Protect primed liner with plastic sheet. 

VI. APPLICATION OF ADHESIVE AND SCRIM CLOTH TO LINER 


A. Cut a 10-1/2 -inch by 39-inch panel of teflon coated glass fabric 
and wrap around the cylindrical section of the liner. Hold in place with 
adhesive tape over teflon fabric. DO NOT bond to primed surface. 

B. Prepare small batches of adhesive (four batches required as 
described in Steps C, L, 0, and V), according to following proportions and 
method of mixing: 


Composition 
Adiprene L-100 
Epirez 5101 
MOCA 


Parts by Weight 

80.0 

20.0 

17.0 

117.0 


Acceptance Tag No. 


Mixing Method: 

1. Blend Adiprene L-100 and Epirez 5101 resins thoroughly 

2 . Melt MOCA at 200°F and thoroughly mix into resin blend 

3. Degas under vacuum until bubbling ceases 

C. Brush coat adhesive on one head section of liner to a thickness 
of approximately .003-inch. 


D. Unwrap plastic protective wrap from nylon scrim cloth head 
section. 

E. Pull scrim cloth over shoulder of head section and stretch in 
place. Be sure opening in scrim cloth centered over boss. 
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F. Work scrim cloth into adhesive coated surface with clean brush 
until all air pockets and wrinkles in fabric disappear. 

G. When scrim cloth head has been worked to edge of teflon coated 
fabric on liner cylindrical section, insert cutting ring under edge of cloth 
and locate scribe line on cutting ring normal to liner axis. 

H. Remove all wrinkles in scrim cloth over cutting ring. 

I. Cut scrim cloth at scribe line with razor blade cutting tool 
using a rocking motion to avoid displacement of fibers. 

J. Remove cutting ring from under edge of scrim cloth and smooth 
fabric with brush. Carefully inspect cut edge of scrim cloth for uniformity 
and remove any frayed threads. Repeat Steps G to J until scrim cloth has been 
cut around the liner circumference. 

K. Apply more adhesive over scrim cloth and brush carefully. 

L. Repeat Steps C through K for other head section. 

M. Remove teflon coated fabric from cylindrical section of liner. 

N. Cut an 11-inch by 39 -inch panel of No. 34168-2 nylon scrim cloth 
and roll it on a 2 -inch diameter by 12 -inch long paper tube. Carefully inspect 
left edge for uniformity and remove any frayed edges. 

O. Apply approximately .003-inch thickness of adhesive over cylind- 
rical section of liner. Avoid any movement of edges of scrim cloth head 
sections already in place. 

P. Apply scrim cloth to cylindrical section by unrolling from tube. 
Make butt joint at left edge between cylindrical section scrim cloth and scrim 
cloth head section already in place. 

Q. Work left edge of cylindrical section scrim cloth with brush to 
insure a butt joint with no gaps between head section and cylindrical section. 

R. Insert cutting jig under scrim cloth at right edge of cylindrical 
section. Adjust accurately so that scribe line coincides exactly with edge of 
the head section scrim cloth already in place. 

S. Cut right edge of cylindrical section scrim cloth on scribe line 

of jig in the same manner as the head sections were cut. 

T. Cut the longitudinal joint of the cylindrical section scrim cloth 

by use of a razor blade knife on a flat metal strip attached to the liner 
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bosses . 


U. After both ends of scrim cloth longitudinal joint are cut, work 
the edges together with a brush until no gaps remain at the butt joint. 

V. Apply additional adhesive over scrim cloth of hoop area until a 
uniform coat is obtained. Avoid any movement of the fabric. 

VII. POSITIONING OF LINER IN WINDING MACHINE 


Prior to this operation, liner cleaning and adhesive application and 
shaft assembly will have been completed as described in Section III, IV, V, 
and VI. 

A. Wear clean white cotton gloves while handling the liner. 

B. Remove the liner/winding shaft assembly from the handling stand. 
Carry and secure the assembly in the winding machine. 

C. Protect the liner with plastic sheet if it is not to be over- 
wrapped immediately. 

VIII. WINDING MACHINE SETUP AND CALIBRATION 


Refer to Drawing 1268966 or 1269232, "12-in. -dia Aluminum-Lined Glass- 
Filament -Wound Pressure Vessel" during operations described below: 

A. Setup resin impregnation systems on winding machines. 

B. Dry run the machines (without paying off roving) and check 
machine settings to obtain the required uniform distribution of the design 
number of winding arm turns per mandrel revolution for longitudinal winding and 
turns per inch for hoop winding. 

C. Install (3) rolls of 20-end glass roving into the tension devices 
for longitudinal winding and one roll for hoop winding. Thread the roving 
through the guide rollers and impregnation system. Secure the roving ends and 
set the tension at approximately 7 pounds per 20 ends roving. 

D. For longitudinal winding, adjust the rollers as required to 
assure a uniform thickness, tape of the design width formed from three 20-end 
rovings at final payoff to liner. 

E. Ensure that the tape passes tangent to each boss for longitudinal 
winding, with a maximum permissible distance between the boss and tape edge of 
0.020-inch, by making a few winding arm tra'nsverses on the mandrel. Make 
adjustments as required to provide the specified longitudinal winding pattern. 



F. Calibrate the tension devices to provide a dynamic tension of 
7 pounds per 20-end roving for longitudinal rolls and 10 pounds for the hoop 
roll at the roving payoff. Calibrate the tension devices statically then 
dynamically. Record on Table F4. the static tension needed to provide the 
required dynamic tension. Also record there the tension device settings. 

IX . GENERAL INSTRUCTIONS FOR HANDLING OF GLASS ROVING 


A. Keep each roll of 20 -end glass -filament roving in its protective 
plastic bag with end plates in place of its individual box in cold storage at 
32 °F or lower, except when it is being used to overwind one or more liners on 
a given day. 


B. Weigh each spool of roving before initiating winding. For sub- 
sequent weighing, plastic-bag any scrap obtained during winding. 

C. At the completion of winding each day, immediately remove each 
roll of roving from the tension devices, repackage it with end plates in its 
plastic bag and box, and return it to cold storage (32°F or lower). 

X. RESIN PREPARATION 


A. Obtain the Epon 828, DSA, Empol 1040, and BDMA resin 
constituents . 

B. Measure out the following quantities of each constituent for 
each of three batches : 


Quantity, g. Acceptance Tag No. 

Epon 828 200 + 0.5 

DSA 231 t 0.5 


Empol 1040 40 + 0.5 

BDMA 2 t 0.0 

C. Mix and warm the Epon 828 and Empol 1040 to 212°F. Cool the 
mixture to room temperature and add the DSA and BDMA. Thoroughly mix the 
constituents. Heat the mixed resin to 85 to 100°F . 


XI. OVERWRAPPING OF ALUMINUM LINER 


A. General Notes - (1) Stop overwrapping, remove the winding, and 
restart the process, if any of the following should occur: (a) filament break- 

age, (b) loss of end or ends on guide roller, (c) loss of roving tension, 
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(d) lack of resin impregnation in roving, (e) winding-pattern gapping, or 
(f) excessive variation of filament-tape width; and (2) retain in a plastic bag 
all excessive roving not used in winding but included in the initially recorded 
roving-spool weights; weigh it and record the weight on Table F-l. 

B. Obtain three rolls of 20-end glass roving (S/HTS per WS-1126, B/l, 
Notice 2) and weigh each roll. Record the roll number and weight on Table F-l, 
and place the rolls on tension-device spindles. Record on Table the number of 
the spindle on which each roll is mounted. Record Acceptance Tag Numbers _____ 
, and 


C. Move the winding machine payoff head into position for longitudinal 
winding. Thread the three 20-end rovings through the guide rollers and payoff 
head tangent to the metal liner boss and secure them in place. 

D. Pour one batch of the mixed resin in the impregnation pot. Brush- 
impregnate the roving between the impregnation pot and the liner. Maintain the 
mixed resin bath at a temperature of 85 to 100°F. Add additional batches of 
mixed resin as required. 

E. Set the machine-turn counter and record the reading in Table F-l. 

F. Identify the starting position of the winding-shaft mount in 
relation to the stationary point on the machine immediately adjacent to the 
mount . 

G. Overwind the aluminum liner as specified on Drawing 1268966 or 
1269232 and described in Steps H to I following. 

H. Start the longitudinal filament winding making sure that the 
design tape width is maintained. If required, brush on extra resin or remove 
excess resin on filaments. 

I. Stop winding at the completion of the first liner revolution of 
360° (which will close the pattern). Maintain the tension on the roving. 

Enter the counter reading at completion of one revolution on Table F-l. 

J. Tie off the three 20-end rovings. Secure each roving to the pay- 
off head. 

K. Move liner to hoop winding machine. 

L. Move the winding machine payoff head into position for hoop 
winding the cylindrical section, starting at the left end. Thread one 20-end 
roving through the payoff roller and onto the liner cylindrical section along 
a tangency plane. Secure in place. Use 10-pounds tension per roll for all 
hoop winding. 
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M. Enter the counter reading in Table F-l. Start the hoop winding 
with the design number of turns per inch along the 10.74-inch cylindrical 
section from left to right. Stop winding at the completion of the first hoop 
layer and enter counter reading in Table F-l. Enter the counter reading at 
completion of the second hoop layer in Table F-l. 

O. Wind back to the right along the cylinder to 0.50-inch from the 
tangent plane and tie off the roving. Secure the roving to the payoff head. 
Enter the counter reading at completion of the third hoop layer in Table F-l. 

P. Move the liner back to the longitudinal winding machine. Thread 
the three 20-end rovings through the guide rollers and payoff head tangent to 
the metal liner boss and secure them in place. 

Q. Repeat Steps H to J to complete second revolution of longitudinal 
winding . 

R. Apply three more layers of hoop winding in accordance with the 
general procedure of Steps K to 0 and specific dimensional and pressure 
requirements of Drawing 1268966 or 1269232 and Table F-l, 

S. Apply a third revolution of longitudinal winding following the 
general procedure of Steps P and Q. 

T. Complete hoop winding by applying four more layers plus fill-in 
in accordance with the general procedure of Steps K to 0 and specific dimen- 
sional and pressure requirements of Drawing 1268966 or 1269232 and Table 

As last hoop layer is being applied, locate four instrument terminals on 
cylinder under windings; locate two of them 180° apart and 0.50-inch up on one 
end of the cylinder and the remaining two at the other end of the cylinder 
along a longitudinal line from each of the first two terminals and 0.50-inch up 
on the cylinder. At the same time, locate temperature sensors under hoop 
winding 90° away from instrument terminals. 

U. Remove the three spools of roving from the tension devices, 
weigh them, and record their weights on Table F-l. 

V. Weigh the scrap roving, and enter this weight on Table F-l. Com- 
pute the total weight of roving used. 

XII. PREPARATION FOR CURING OF COMPOSITE STRUCTURE 

A. In vacuum-bagging the wound tank shell for the cure, use one 
layer of 2353 dacron cloth for release/bleeder cloth. 

B. Bag the shell with 6 -mil polyvinyl alcohol (PVA) sheet tailored 
to avoid excess wrinkles . 
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C. Seal the bag with zinc chromate putty. 

D. Install a vacuum valve over the dacron pad in the cylindrical 
section. 

E. Evacuate the bag to 20-inch Hydrogen or better, and check for 

leaks . 

NOTE: An alternative to vacuum bagging is to periodically (every 20 or 

30 minutes) wipe the excess resin off the composite. This should be continued 
until the resin stops flowing, approximately 2-1/2 hours. Enter the type of 
resin control used in the note section below. 

XIII. CURING OF COMPOSITE STRUCTURE 


A. Transfer the unit to the curing oven. 

B. Mount the winding shaft on the support fixtures in the oven. 

C. Cure at 150°F for 2 hours and at 300°F for 4 hours. Keep a 

record of the cure on the continuous recording chart. Record calibration 
date and Serial Number on recorder. 

D. Reduce the oven temperature to 100°F at a rate not to exceed 
100°F/hour. 

E . Attach copy of cure chart to this page . 

F. Remove the cured tank from the oven. 

XIV. CLEANING. DIMENSION CHECKING. AND WEIGHING 

A. Disassemble tank from shaft. 

B. Clean tank interior by flushing with solvent, then detergent and 
water, then water rinse. Tank should not be exposed to water for more than 

30 minutes. The tank may then be dried by flushing with acetone or by baking 
200°F for one hour. 

C. Identify tank with part number and serial number per drawing. 

D. Measure the wound-tank length, diameters and weight and record 
them on Figure F-l. 

E. Place the wound tank in the storage box. Deliver this 
"Fabrication Instructions" with tank, along with all other fabrication and 
inspection documents in the folder. 
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TABLE F-l 


WINDING DATA 


Machine Settings 

Longitudinal Winding 


Hoop Winding 


Tension Settings 

Static tension at payoff required for dynamic tension of 10 + 1 lb/20-end 
roving at payoff 

Tension-Device Static Tension Tension-Device 

Spindle No. Pound Setting 

A 

B 

C 

Glass Roving Data 


Weight, g. 


Roll Tension-Device 

No, Spindle No, Starting Final Roving 


Total 


Less scrap weight (subtract) 

Total roving on tank g. 

Tensiometer Serial No. ; calibration date 


Table F-l, Sheet 1 



TABLE F-l (Cont. 
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FIGURE I 

INSPECTION OF ALUMINUM LINER AND FILAMENT -WOUND VESSEL ASSEMBLY (FORM) 

Serial No. 

Record serial number and calibration date of instruments used. 

Before-winding data: Date Siganture 

After-winding data: Date Siganture 



Cure 



Weight of liner before winding g 

Weight of vessel after winding and cure g 
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1100 ALUMINUM LINERS WITH BUTT -WELDED AND HINGED BOSSES 
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(a) 

(A) 


1. SCOPE 

1.1 Scope . - This specification establishes the requirements for the 
fabrication and quality conformance inspection of two types of 1100 aluminum 
metal liner assemblies for use with glass filament -wound pressure vessels for 
cryogenic service. 

1.2 Classification . - The aluminum liner assemblies shall be classified 
as follows : 


Suffix Number 

Description 

Part No. 

-1 

Hinged Boss Concept 

1269227-1 

-2 

Butt Welded Boss Concept 

1269231-1 


Each classification shall be specified by referencing 
the specification number and suffix number for the liner desired. 

Example : Fabricate and inspect liner in accordance with AGC-10598-1 

2. APPLICABLE DOCUMENTS 

2.1 Department of Defense documents .- Unless otherwise specif ied, the 
following documents, listed in the issue of the Department of Defense Index of 
Specifications and Standards in effect on the date of invitation for bids, shall 
form a part of this specification to the extent specified herein. 

SPECIFICATIONS 


Federal 


QQ-A-225/l 

QQ-A-250/i 

Military 

MIL-H-6088 
MIL- 1-6866 


Aluminum 1100, Bar, Rod and Wire, Rolled, 
Drawn, or Cold Finished 

Aluminum Alloy 1100, Plate and Sheet 


Heat Treatment of Aluminum Alloys 
Inspection, Penetrant Method of 


STANDARDS 

Military 

MIL-STD-t53 Inspection, Radiographic 

Industry 

ASTM-E-8 Tension Testing of Metallic Materials 

(Copies of documents required by contractors in connection with specific procure- 
ment functions should be obtained as indicated in the Department of Defense Index 
of Specifications and Standards. ) 
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2.2 Aerojet-General Corporation documents .- Unless otherwise specified, the 
following documents of the latest issue in effect, shall form a part of this 
specification to the extent specified herein. 

SPECIFICATION 

AGC-13860 Radiographic Quality Levels, Fusion Weldments 

STANDARDS 

AGC- STD-1317 
AGC-STD- 14831 


ASD 5215 
DRAWINGS 

1269226 


1269227 


1269229 


(a) 1269230 


1269231 
(A) 1269236 


3. REQUIREMENTS 

3.1 Materials . - 

3.1.1 Liner . - The metal-liner half -shell, p/N 1269226-2 and p/n 1269229-1 
shall be fabricated from Type 1100 aluminum sheet in accordance with Specification 
QQ-A-250/l as the starting material. 

3.1.2 Boss . - 'The bosses p/n 1269226-3 and p/n 126923O-I, shall be fabricated 
from 2219-T87 aluminum alloy fully-wrought, forged bar stock, commercial grade, 
with a minimum ultimate tensile strength of 60,000 psi, minimum yield strength of 
48,000 psi and minimum elongation of 6 percent in a 2-inch gage length. 

3.1.3 Collar . - The collar, P/®f 1269226-4 shall be fabricated from 2219-T87 
aluminum alloy fully-wrought, forged bar stock, commercial grade with a minimum 
ultimate tensile strength of 60, 000 psi, a minimum yield strength of 48,000 psi, 
and a minimum elongation of 6 percent in 2-inch gage length. 

f 4) 3.1.4 Flange . - The hot section flange, P/N 1269226-5 shall be fabricated 

i from Type 1100 aluminum bar stock In accordance with QQ-A-225/l or Type 1100 
aluminum plate or sheet stock per QQ-A-250/l as the starting material. 


Electron Beam Welding 

Aluminum and Aluminum Alloys, Cleaning and 
Deoxidizing Process Prior to Welding 

Marking, Methods of 


Liner Components, Hinged Boss Concept 
12-in -dia. Filament -Wound Vessel 

Liner Assembly, Welded-Hinged Boss Concept, 
12-in-dia, Filament -Wound Vessel 

Liner, Butt-Welded Boss Concept, 12-in-dia 
Filament -Wound Vessel 

Boss, Butt-Welded Concept, 12-in-dia 
Filament -Wound Vessel 

Liner Assembly, Welded-Butt Welded Boss 
Concept, 12-in-dia Filament -Wound Vessel 

Back-up Ring, Expendable, Filament 
Wound Vessel 12-in-dia 
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(A) 3.1.5 Liner material identification .- Each blank cut from the Type 1100 

aluminum sheet for fabrication of P/N 126 9226 -2 or P/W 1269229-1 shall be 
identified with the serial number assigned by AGO, the identification of which 
shall be maintained during all fabrication operations . This serial number 
along with the mill heat number for the sheet from which the blank was cut 
shall be recorded for future reference. 

3.2 Design .- The metal-liner assembly furnished under this specification 
shall be fabricated in accordance with the requirements of AGC Drawing 1269227 
or 1269231 , as applicable, and this specification. 


3.3 Fabrication of aluminum liner half shell .- Unless otherwise specified, 
(A) aluminum liner half-shells, P/N 1269226-2 and P/N 1269229 -I shall be fabricated 
by utilizing the following sequence of operations. The details of each opera- 
tion shall be the responsibility of the fabricator. Throughout the processing 
operations, care shall be taken to prevent physical damage or chemical contamina- 
tion to the liner components. 

(A) Operation 1: Cut at least 4 tensile specimens for each mill heat 

involved and verify satisfactory elongation and tensile 
strength in accordance with 4.4.2 and 3-6 before forming 
half- shells . 


(A) Operation 2: Prepare 5 tensile test blanks and process with half 

shells in accordance with 3.6. Form liner contour 
for half-shell component P/W 1269226-2 or P/N I 269229 -I. 
Anneal at 650 °F in accordance with paragraph for 
"Annealing of Work Hardened Wrought Alloys" of Specifica- 
tion MIL-H -6088 between forming operations, as required, 
and after the final forming operation. 


Operation 3: Reduce thickness of liner wall to 0.010 inch by means of 

chemical milling, except in the weld joint area and boss 
area which shall be maintained at the thicknesses shown 
on the drawing. 


(A) 

Operation 4: 

(A) 

Operation 5: 

(A) 

Operat ion 6 : 

(A) 

Operation 1 '. 

(A) 

Operation 8: 

A) 

Operation 9 : 


Cut hole in dome area for installation of boss or 
flange, as applicable. 

Apply Teflon coating to liner half-shell, p/W 1269226-2 
in accordance with the drawing. 

Place in container, prepare for shipment in accordance 
with Section 5? and ship to Aerojet for welding of boss 
in each half shell in accordance with 3.4. 

After welding of bosses, machine girth weld area to pre- 
weld configuration in accordance with drawings 1269226 or 
1269229 , as applicable. 

Weigh each half shell to nearest 0.1 ounce. Record and 
forward weight to Aerojet with the liner. Weight of the 
half shell shall be 14 ounces or less. 

Package and mark item in accordance with Section 5 and ship 
to Aerojet. 
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3.4 Welding of boss in lirer half-shell .- A prefabricated flange 
P/N 126922^-5; boss P/N 12^9220-3; and collar P/N 1269226-4 shall be welded 
into P/W 1269226-2 half-shell; and a prefabricated boss P/W 126923 O-I shall 
be welded into P/N I 269229 -I half -shell. The welding shall be performed at 
Aerojet -General Corporation (AGC) in accordance with the following operations 


Operation 1: Match machine boss P/N 126923 O-I or boss P/W 1269226-3, 
collar P/N 1269226-4, and flange P/W 1269226-5 to 
opening in head of liner shell as specified on 
applicable drawing. 

Operation 2: All tooling shall be vapor-degreased prior to 

installation in the electron-beam weld cabinet. 


Operation 3: Clean boss, collar, flange, and half liner at the 

weld joint with spectrometric grade acetone. 

Operation 4: If an aluminum liner weldment has not been made within 

the previous two working-days, a flat-plate test weld- 
ment shall be run on aluminum sheet in accordance with 
the approved weld schedule to verify the performance 
of the welding machine prior to proceeding with liner 
weldments. 


Operation 5 : Assemble boss or boss, collar, and flange in half -liner. 

Electron-beam weld in accordance with the approved 
weld schedule. Drawing 1269227 or 1269231, and 
AGC-STD-1317. Weld repairs are not permitted, 
except as specified in 3.7. 

Operation 6: Inspect welds in accordance with 4.4.3 and 4.4.4. 


3.5 Assembly of aluminum liner .- After installation of the boss in 
each liner half -shell, the two half-shells shall be assembled to form 
the full liner, P/N 1269227-1 or P/N 126923 I-I by utilizing the following 
sequence of operations : 


Operation 1: Clean half -shells at girth weld- joint area in 

accordance with the procedures specified in AGC-STD-4831 
followed by cleaning with spectrometric grade acetone. 
Verify that- weight of half shells is available; if not, 
weigh he nearest 0.1 ounce and record. 


Operation 2 :. Assemble two matching haul'- she i l s together el j ! i •/. i rig 
copper backup ring P/ii 1269236 - i. Maximum gapping, at 
butt weld joint and the maxi mum mismatch at the joint 
shall not exceed the requirements on Draw ing ; 269226 
or 1269229 , as anpi scab i e . 


Operation 3'- 


Electron-beam weld joint in accordance with' approved 
weld schedule. Drawing 1269227 ox- 1269231 , and AGC- 
STD-1317. The quality level ana any required repair; 
shall be in. accordance with 3.8 and 3.7. 
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Operation 4: Remove copper backup ring by means of chemical etching 

in accordance with Appendix A. Care shall be taken to 
mask liner tosses and collars to prevent contact with 
nitric acid. 

Operation 5 = Inspect weld in accordance with 4.4.3 and 4.4.4. In 
addition to weld quality, check X-ray film for no 
evidence of residual copper from backup ring. 


Operation 6: Helium leak test liner assembly in accordance with 

special test procedure prepared for the assembly. 

Leakage shall not exceed 1 x 10 scc/sec at 5 - 2 psid. 


Operation 7: 


Anneal liner assembly at 600°F for one hour. 


3.6 Test coupons .- Rrior to starting processing of liner half-shells, 
P/N 1269226-2 or 1269229-I, the ultimate tensile strength and elongation in 
a 2-inch gage length shall be verified with at least 4 tensile specimens 
from each mill heat involved. Subsequently five tensile test blanks 3/4 
inch wide by 8 inches long shall be cut from the Type 1100 aluminum sheet 
parallel to the direction of rolling, and accompany each lot of liner half- 
shells, P/n 1269226-2 or I269229-I, through the final anneal and delivery 
to AGO. The aluminum sheet used for these coupons shall be from the same 
mill heats used to fabricate the half -shells. Tensile specimens shall be 
tested in accordance with 4.4.2 and shall comply with the following tensile 
properties: 

(a) Ultimate tensile strength, psi 15,000 maximum 

(b) Elongation in 2 inches, percent 15. 0 minimum 

3.7 Weld repairs .- Weld repairs shall be limited to those directed 
by the project engineer. 

3.8 Weld acceptance criteria .- Welds shall meet the following 
quality requirements : 

3.8.1 Dye penetrant inspection .- The welds shall be free of external 
cracks or propagating defects. Surface porosity in excess of the limits 
specified in 3.8.2 is unacceptable. 
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3.8.2 Radiographic inspection .- The welds shall meet the quality level 
requirements of Specification AGC-13860, Class 11 (eleven) with the following 
modifications : 

(a) Under scattered porosity - delete 0.010 inch maximum 
diameter of cavity. 

(h) Under excess crown limits substitute 'Veld crown shall be 
removed only as specified by the project engineer.” 

3.9 Handling .- All handling operations of the liner assembly or the 
half-shells in the uncrated condition shall be performed using maximum care 
because of the susceptibility of the material to damage during the stages of 
fabrication. Components or assemblies damaged from handling shall be subject 
to rejection. The components shall be kept in suitable containers except 
when they are being worked. 

3.10 Cleanliness .- After final machining, a cleaning method shall be 
employed to guarantee the liner assembly interior is completely free from 
machining residue, shavings, and cuttings. After cleaning, the assembly 
openings shall remain sealed at all times, except when removal of seals is 
necessary for final fabrication or testing. The cleaning method shall not 
damage the aluminum materials. 

3.11 Identification of liner assembly .- Each liner assembly shall be 
marked with the part number and assigned serial number, by electrolytic 
etch, as specified by Aerojet Standard ASD 5215, Method C, in the location 
indicated on Aerojet Drawing 1269227 or 1269231. 

3.12 Workmanship .- The liner assembly shall be fabricated, annealed, 
finished, and tested in a thoroughly workmanlike manner. Particular 
attention shall be given to neatness and thoroughness of the processing 
and welding of the component parts. Nonconformance to the drawings and 
the requirements of this specification shall be cause for rejection. 

4. QUALITY ASSURANCE PROVISIONS 

4.1 Supplier respons ibility . - 

4.1.1 Inspection .- Unless otherwise specified, the supplier shall be 
responsible for the performance of all inspection requirements specified 
herein and may use any facilities acceptable to the Aerojet-General 
Corporation (AGC). 

4.1.2 Processing changes .- The supplier shall make no changes in 
processing techniques or other factors affecting the quality or performance 
of the product without prior written approval of A.GC. 
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4. 2 Sampling . - 

*<•.2.1 Production sample . - All production units of aluminum alloy liner 
assembly, P/H 126 9227-1 or 1269231-1 shall be subjected to quality conformance 
inspection. 

*<•.3 Quality conformance inspections .- Inspection of all liner assemblies 
shall consist of the following quality conformance inspection to determine 
compliance with the requirements herein: 


(A) 

(a) 


Cb) 

(A) 

(c) 

(A) 

(a) 


4.4 ■ 

(A) 

4. 4.1 


inspected for conformance to the requirements of Section 3> Section 5 and 
the drawings . 


4.4.2 Tensile strength test method . - The tensile strength properties shall 
be determined in accordance with ASTM-E-8, using the standard sheet -type test 

(A) specimen with a 2 in. gage length to verify compliance with 3.6. 

4. 4.3 Eye penetrant inspection. - Dye penetrant inspection in accordance with 
Specification MIL- 1 - 6866 , Type I, Method A shall be performed on all welds of each 

(,A) liner assembly to verify compliance with 3.8.1, After inspection, the weld shall 

be thoroughly cleaned. 

4.4.4 Radiographic inspection . - Radiographic inspection in accordance 
with MIL- STD -453 shall be performed on all girth welds, on the flange to half- 
shell weld (see 1269227), and on the boss to half -shell weld (see 1269231) . 

(A) Radiographs shall be subject to the interpretation and acceptance in accordance 

with 3.8.2 by designated Aerojet -General quality control and project representa- 
tives. Radiographic film shall be numbered to coincide with the identification 
markings of the liner assembly. China marking lead shall be used for marking 
weld identification so that exact location of weld areas with corresponding 
radiographs may be readily identified. All radiographic film shall become the 
property of the Aerojet -General Corporation, 
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a) 


(A) 


(A) 


5. PREPARATION FOR DELIVERY 

5.1 Backing . - LLner components, and the liner assembly shall "be crated 
and firmly supported to prevent damage during storage, handling or shipment. 

5.2 Marking. - The shipping container shall he marked with the following 
information : 

(a ) Manufacturer ' s name 

(b) Bart number 

(c) Serial number 

(d) Numer, revision letter, and date of this specification 
(e ) Purchase order number 

6. NOTES 

6.1 Intended use. - The aluminum alloy liner assembly is intended for use 
as a metal liner for glass filament -wound pressure vessels for storage of 
cryogenic fluids. 

6.2 Ordering data . - Procurement documents should specify, but not be 
limited to, the following information: 

(a) Number, revision letter, and date of this specification 

(b) Request for three copies of material certification and 
test results 

(c ) Responsibility for testing tensile test coupons before 
forming half -shells (see 5.6) 

(d) Operations to be performed by the supplier 

(e) Place of delivery for tensile test coupons, half-shell liners, 
and finished units. 

(f) Serial numbers to be assigned. 
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APPENDIX A 


Copper Weld Backup Ring Etch Removal Procedure 

10. SCOPE 

10.1 This appendix covers the procedure to be used for preparation of 
a chemical etchant and removal of the copper backup ring from 1100 Aluminum 
Liners, AGC Part Nos. 1269227-1 and 1269231-I. 

20. APPLICABLE DOCUMENTS 

20.1 Aerojet -General Corporation documents .- Unless otherwise specified, 
the following documents of the latest issue in effect, shall form a part of 
this appendix to the extent specified herein. 

DRAWINGS 

1269227 Liner assembly, Welded-Hinged Boss Concept, 

12-in-dia, Fialment -Wound Vessel 

1269231 Liner Assembly, Welded-Butt Welded Boss 

Concept, 12-in-dia Fialment -Wound Vessel 

1269236 Backup Ring, Expendable, Filament Wound 

Vessel 12-in-dia 

30. OPERATING PROCEDURE 

30.1 Copper backup ring removal by chemical etching .- After assembly 
of the two matching half-shells has been accomplished and inspected, 
utilizing the copper backup ring P/N 1269236-I and electron-beam welding 
of the joint, prepare a chemical etchant and remove the copper ring as 
follows : 

(a) Prepare etchant by adding 6 gallons of Nitric Acid, 42° Baumd 
to 8 gallons of water and stir. Let solution cool to 100° F 
and add 13 l/2 ounces of Chromic Acid Flake. Stir until 
fully dissolved and cool again to 100°F. 

(b) Check etch rate to confirm 0.0005 inch per minute copper 
removal . 

(c) Mask bosses and collars; then fully immerse liner assembly in etchant. 

(d) Check etchant solution temperature every 15 minutes to 
insure that temperature is below 105°F and absence of 
a brown nitrous oxide fume. 

(e) Drain liner completely every hour to minimize internal 
concentration of copper precipitate in the liner and 
re-submerge liner in the same etchant bath. 
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(f) When etching is complete, rinse liner assembly by submerging 
in four (4) successive fresh water rinses. This operation 
must be completed in 30 minutes or less. Make final rinse 
of liner by submerging in de-ionized water. 

(g) Remove liner from water bath, drain completely, and dry 
in an oven at 225°F for 30 minutes. Remove liner and 
allow to cool to room temperature. 

(h) Weigh liner and compare to measurement specified in 3.5» 
operation 1 to confirm complete removal of copper ring. 
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APPENDIX H 

FILAMENT STRESS ANALYSIS 


Filament stresses in a metal- lined filament -wound pressure vessel are a 
function of the amount of fiber, fiber oreintation, applied load, and the load 
taken by the metal liner. The relations defining these factors in the cylin- 
drical section of a vessel are summarized in the following paragraphs followed 
by sample calculations for a specific vessel (A-J), to demonstrate the 
methods -used. 

I. EQUIVALENT FILAMENT THICKNESS 

The equivalent filament thickness per layer of S-glass /epoxy tape used 
in vessel winding may be determined from the expression 

t f = N 2 A f /W a ( H l) 


where 


Af = cross section of 20-end roving = 

-U p p 

4.20 x 10 in (0.0027 cm ) 


W „ = winding tape width, selected as 
0.255 in (0.648 cm) 


Ng = number of 20-end roving strands 
per tape, selected as 3 

Therefore, for all vessels in this program the equivalent filament thickness 
per layer, based on equation (Hi), is 

t f = 3(4.20 x 10 "^)/ 0.255 

t f = 0.00494 in. ( 0.125 mm) 

II. LOAD TAKEN BY METAL LINER 

The load taken by the thin 1100-0 aluminum liner at the pressures of 
interest can be calculated from measured strain data. Assuming the liner is 
subjected to a 1:1 biaxial stress field, the strain equation in the inelastic 
region of the material is 



e = ty 


V 1 -^ + fa - F tv’ 


E 


ty' 

E 


(H2) 


Where, an effective plastic modulus (E^) can be derived from the expression 


F - F 

E = tu ty 

p 


m 


e, - F /E 
tu ty 


with the following material properties (room temperature values shown) 
Ultimate tensile strength, F^ u = 12 300 psi (8480 N/cm 2 ) 

Tensile yield strength, F. = 5400 psi (3720 N/cm 2 ) 

ny 

Ultimate tensile strain, = 0.203 


Elastic Poisson's ratio, JJ* e = 0.325 


Plastic Poisson's ratio, M* = 0.5 

XT 

6 p 

Elastic modulus, E = 10.25 x 10 psi (70.7 GN/m ) 


Thus, the plastic modulus, at room temperature, is 

E _ 12 300 - 5400 


0.203 - 5^00/10.25 x 10 


E p = 34 000 psi (0.23 GN/m ) 

and the strain equation, rearranged for stress calculations, is 


a 


= e + 0.0791 
1.471 x 10" 5 


(H2a) 


H-2 



III. GEOMETRIC RELATIONS 


A. VOLUME FRACTION OF GLASS 

The following procedure was used to arrive at the vol ume frac- 
tion of glass (P ) in the composite. The weight fraction of glass was cal- 
culated from measured values for composite weight (W ) by the equation 

B 


v - W 

Wg ^ (h4) 

c 

Assuming a void free composite, the volume fraction of glass was then deter- 
mined from the figure included in this Appendix. 

B. COMPOSITE THICKNESSES 

The thickness of the longitudinal composite is 


t_ = N t./P 
L L f vg 


(H5) 


The hoop composite thickness is 


t = N t _/P 
H H f vg 


(h6) 


and the total composite wall thickness in the cylinder is 


t = t + t 
C L H 


(H7) 


where 


N^ = number of longitudinally oriented 
layers, selected as 6 

N^ = number of hoop oriented layers, 
selected as 10 

Co VESSEL INSIDE RADIUS 

The inside radius (r) of the pressurized vessel is 
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R = D i (l + e Q )/2 (h8) 

where, 

eg = hoop strain 

= average (unloaded) inside diameter = D q -2t Q , in (cm) 

D q = outside diameter of vessel, in (cm) 

IV. FPAMENT STRESSES 

In order to calculate vessel filament stresses at the pressures of 
interest, load balance relations are required which take into account loads 
carried by the metal liner and oriented filaments in both directions. 

A. IiONGITUDINAL DIRECTION 

Assuming the loads carried by the matrix material are insignif- 
icant, the load balance in the longitudinal direction of the cylinder is 

a f ,t ( n l V cos2 *0 + Wm = pR/2 (H9) 

where 

p 

i ~ longitudinal filament stress, psi (N/cm ) 


of = orientation of longitudinal filaments with 
respect to axis of rotation, 

3.82 degrees ( 0 . 06 j rad) 

2 

a m = l° n gi' fcu ^i na l stress in liner, psi (N/cm ) 

t = thickness of liner, 0.010 in ( 0 . 25 ^- mm) 

2 

p = internal pressure, psi (N/cm ) 
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Rearrangement of the load balance relation results in the following equation 
for calculation of longitudinal filament stress 


pR/2 - ct t 
o* . = com m 

X, £ P 

N_ t„ cos a 
L f o 


(H9a) 


B. HOOP DIRECTION 

The load balance in the hoop direction of the cylinder is 


'’f.AV + sln °o + - pE 


(klo) 


where 

2 

Of h = hoop filament stress, psi (N/cm ) 

2 

a = hoop stress in liner, psi (N/cm ) 

0m 

Rearrangement of the load balance relation results in the following equation 
for calculation of hoop filament stress 


a = tan 2 « ) - a^t (l-tan 2 « Q ) 



Vf 


(HlOa) 


V. SAMPLE CALCULATION 


Fabrication data and room temperature single cycle 
Vessel A-3 were used to provide sample calculations. The 


burst data from 
required data are 


D = 12.339 in (31.3^1 cm) 
o 


¥ = 1990 grains 
§ 

W c = 23 ^ grams 



A. 


pressure is 


e. = 0.0212 
0 


e = (0.0175 + 0.0146) /2 = 0.0l6l 
cp 


p = 2250 psi (1550 N/cm 2 ) 

METAL LINER STRESSES 

Based on equation (n2a), the hoop stress in the metal liner at 


= 0 .0 2 1 , 2 . + 0.0791 = 6820 psl (1;700 N/cm 2^ 
9 1.471 x 10 _> 


and the longitudinal stress in the liner is 


7 = t °‘^ 1 = 6470 psi (4460 N/cm 2 ) 

0,111 1.471 x 10' 5 


B, VOLUME FRACTION OF GLASS 

The weight fraction of glass from equation (h 4), is 


12 


- 0.849 


wg 2Ji 

and the corresponding volume fraction from the included figure is 


P = 0.715 

vg 

C. COMPOSITE THICKNESSES 

The thickness of the longitudinal composite is computed from 
equation (H5) as 


t L = 6(0.00494) /0. 715 = 0.0415 in (0.105 cm) 
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The hoop composite thickness, from equation (h 6), is 


t H = 10(0. 00^) /o. 715 = 0.0691 in (0.176 cm) 

and the total composite wall thickness in the cylinder, based on equation 

(H7), is 

t = 0.0415 + 0.0691 = 0,1106 in (0.281 cm) 

D. VESSEL INSIDE RADIUS 

The inside diameter of the cylindrical section of the vessel is 
D ± = 12.339-2(0.1106) = 12.118 in (30.779 cm) 
and from equation (h 8), the corresponding radius, at pressure, is 
R « 12.118 (l + 0.0212) /2 = 6.187 in (15.716 cm) 


E. FILAMENT STRESSES 

The stress in the longitudinal filaments is calculated from 
equation (H9a) as 

CT = 223 0(6.1 87) /2 - 61+70 (0.010) 
tfl 6(0.00494) (.998) 2 

cr . = 234 000 psi (l6l 000 N/cm 2 ) 

i,* 


and the stress in the hoop filaments, from equation (KLOa), is 

= 2250(6.187 )^ i-.5(o.o667) 2 | - 6820(0.01 )-! i-(o.o 667) 2 | 


f, h 


10 (0.00494) 

<7 f h = 280 000 psi (193 000 N/cm 2 ) 
H-7 
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